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Abstract

THE ROLE OF SYNAPTICALLY EVOKED PLATEAU POTENTIALS IN
RETINOGENICULATE DEVELOPMENT
By Emily K. Dilger, Ph.D.
A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at Virginia Commonwealth University.
Virginia Commonwealth University, 2010.
William Guido, PhD, Professor, Department of Anatomy and Neurobiology
We study the activity-dependent refinement of sensory systems by using the mouse
retinogeniculate system as a model. Spontaneous retinal waves lead to robust excitatory postsynaptic activity in developing relay cells in the dorsal lateral geniculate nucleus (dLGN) of the
thalamus and are reportedly needed to help guide the segregation of retinal inputs into eyespecific domains as well as for the pruning of extraneous retinal inputs onto single dLGN relay
cells. The composition of retinally evoked post-synaptic activity activated by these retinal waves
in dLGN is largely unknown, but based on our in vitro recordings, such activity seems well
suited to activate large, long-lasting, high-amplitude depolarizations mediated by L-type Ca2+
channel activation, plateau potentials. Plateau activity prevails early in life, at the peak of
retinogeniculate refinement, however, little is known about the factors that contribute to the
activation of these events, or the potential role of plateau potentials in mediating activitydependent remodeling. In this thesis, we examined the factors and stimulus conditions that lead
to the activation of plateau activity. We found that many aspects of developing retinogeniculate

circuitry (e.g., the high degree of retinal convergence, the temporal summation of excitatory
post-synaptic potentials, and the lack of inhibitory connections) seem to favor their activation at
early postnatal ages. We then tested whether such activity is necessary for the refinement of
retinal projections, as well as their functional connections onto dLGN cells. To address this, we
took a loss-of-function approach and made use of a transgenic mouse that lacks the β3 subunit of
the L-type Ca2+ channel. These mutants have far fewer membrane-bound L-type Ca2+ channels
and greatly attenuated L-type activity. In β3 nulls, L-type plateau potentials are rarely observed
in the dLGN, even at young ages or when repetitive pulses of electrical stimulation are applied to
the optic tract. Although these mice have normal stage II and III spontaneous retinal waves, the
retinogeniculate projections of β3 null mice fail to segregate properly. In addition, the degree of
retinal pruning is impaired. These results suggest that post-synaptic L-type Ca2+ channel activity
is necessary to implement the activity-dependent refinement of the retinogeniculate pathway.

Introduction

The calcium ion regulates many aspects of cellular processing, from as early as
fertilization, where Ca2+ waves initiate development, to controlling pattern formation and cellular
differentiation, to proliferation and apoptosis in the adult (Berridge et al., 2000). Its role is
particularly important in the development of the central nervous system (CNS), where it controls
early synaptogenesis, guiding outgrowth in dendritic filipodia as well as forming and
maintaining contacts with axons (Lu et al., 2009). These processes happen independent of
synaptic transmission, guided instead by intrinsic genetic programming where Ca2+ insures
correct diversity and numbers as well as the general placement of neurons and glia in the brain.
Later in life, when experiences guide the refinement of neural connections, Ca2+ is the signal of
choice for triggering the strengthening and maintenance of appropriate synaptic connections, and
the elimination of inappropriate ones (Torborg & Feller, 2005). The importance of Ca2+
continues in adult plasticity where synapse-specific alterations mediate short-term and long-term
changes in synaptic strength (Malenka & Bear, 2004). These effects can be local, including the
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insertion or removal of glutamatergic receptors from the membrane, the functional alteration of
synaptic proteins via posttranslational modifications such as phosphorylation, and the amount of
those proteins via translation or degradation (Greer & Greenberg, 2008). In addition, Ca2+ influx
can initiate signaling cascades that culminate in the nucleus and result in the activation of gene
transcription and mediate various long-term changes in synaptic growth, maintenance and
strength (Greer & Greenberg, 2008).
The cell is able to tightly regulate Ca2+ by maintaining low concentrations, thus limiting
baseline Ca2+ noise and permitting rapid influxes that signal based on their amplitude, frequency
and duration (Blackstone & Sheng, 2002). Ca2+ is also restricted spatially and temporally within
the cell by high-capacity Ca2+-binding proteins, efflux through Ca2+ pumps on the plasma
membrane and compartmentalization in intracellular organelles such as the smooth endoplasmic
reticulum (SER; Bardo et al., 2006). The SER holds Ca2+ at up to four times the cytosolic
concentration (Bardo et al., 2006), and can release it throughout the cell including from dendritic
spines, where the majority of excitatory synapses are located, in specialized compartments called
the spine apparatus (Blackstone & Sheng, 2002). SER Ca2+ release comes from two types of
receptors, ryanodine receptors, which are Ca2+ activated, and inositol (1,4,5)-trisphosphate
receptors (IP3), a metabolic by-product of phospholipase C activity linked to the stimulation of
metabotripic glutamate receptors (Bardo et al., 2006).
The major source of Ca2+ influx, however, comes from the extracellular space. The
glutamatergic NMDA receptors (NMDAR) are the typical candidate of choice for activitydependent Ca2+ influx because, as well as being the predominant source of Ca2+ influx into
spines (Blackstone & Sheng, 2002), they act as co-incident detectors, only activated when postsynaptic depolarizations correlate temporally with glutamate release, thereby sensing and
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initiating plasticity related signaling (Cohen & Greenberg, 2008). AMPA receptors, which
mediate the majority of excitatory synaptic transmission in the adult CNS (Greer & Greenberg,
2008), have also been noted to be Ca2+ permeable and thus important in some developmental
systems, although the adult typically expresses only the Ca2+ impermeable GluR2 subunit
(Cohen & Greenberg, 2008).
Another major source of Ca2+ influx arises from voltage-gated Ca2+ channels (VGCCs),
multi-subunit complexes comprised of the pore-forming α1 and accessory β, α2δ and γ subunits.
The α1 subunits, of which ten have been discovered, contain the binding sites for all known
VGCC blockers, the voltage sensor and the selectivity filter, and span the cell membrane six
times within each of four domains (Moosmang et al., 2005b). The VGCCs are broadly split into
two families, the high and low voltage activated channels (HVA and LVA respectively). LVA
channels (CaV3.1-3.3), or T-type for their tiny and transient single-channel currents, do not play
much of a function in plasticity. There are seven α1 HVA channels, broken into P/Q- and N-type
(CaV2.1-2.2, respectively), which function mostly in pre-synaptic vesicle release, R-type
(CaV2.3), which is least known and classically hardest to study because of its drug resistances,
and L-type (CaV1.1-1.4; Dietrich et al., 2003). It is becoming increasingly clear that VGCCs,
especially the L-type channels, play an important role in neuronal plasticity (Cavazzni et al.,
2005). L-type Ca2+ channels are ideally suited for fluxing large amounts of Ca2+ into the cell
because of their slow inactivation rate and high single-channel conductance (Greer & Greenberg,
2008). Additionally, they have a relatively low-voltage of activation (–20mV as opposed to 0mV
for the CaV2 family; Catterall et al., 2005) and are typically localized to somatodendritic regions,
allowing for the elevation of Ca2+ levels in close proximity to the nucleus and enabling efficient
signaling. Of the four L-type Ca2+ channels, only two are expressed in neuronal tissues, with
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CaV1.1 and 1.4 in cardiac and skeletal muscle, and retina, respectively. CaV1.2 and 1.3, also
known as α1C and α1D respectively, play a major role in the brain as well as in cardiac and
skeletal muscle (Moosmang et al., 2005b).
While the NMDAR has received the majority of attention, the possible role for L-type
Ca2+ channels in developmental plasticity has been largely unexplored, although they have been
alluded to in a few instances in the super colliculus and brainstem (Lo & Mize, 2000; Guido et
al., 2001). Additionally, many studies focus on the interplay between channels, such that an
initial depolarization mediated by NMDAR is prolonged and augmented by the activation of
somatic L-type Ca2+ channels (Greer & Greenberg, 2008). Their location, kinetics and high Ca2+
fluxes increase the likelihood that the Ca2+ signal will reach the cell’s nucleus to trigger the
transcription of plasticity related genes. However, what seems to be lacking is an examination of
L-type Ca2+ channels mediating activity-dependent refinement of sensory connections. One such
system that has been studied extensively involves the development of retinal projections to the
dorsal lateral geniculate nucleus (dLGN) of the thalamus. In the retinogeniculate system,
spontaneous retinal activity is needed to drive the segregation of retinal inputs from the two eyes
into eye-specific domains in dLGN (Torborg & Feller, 2005; Huberman et al., 2008; Guido,
2008). A potential role for L-type mediated activity in the form of so called plateau potentials
has been implicated by earlier studies done in the Guido lab (Lo et al., 2002; Jaubert-Miazza et
al., 2005). Plateau potentials, long-lasting, slow decaying depolarizations evoked with high
frequency stimulation of retinal ganglion cells, are prevalent at early postnatal ages, during the
peak of retinogeniculate refinement. However, many questions remain about the mechanisms
that generate these events and their potential role in mediating activity-dependent plasticity. The
overall arching goal of my thesis is to address these factors. In the first part of this thesis, we
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examine the developmental factors and stimulus conditions that lead to the activation of plateau
activity. In the second, we test whether such activity is necessary for the refinement of retinal
projections as well as their functional connections onto individual dLGN relay cells. For the
latter, a loss-of-function approach has been adopted.
Traditionally, loss-of-function was accomplished either by pharmacological
manipulations or visual depravation (Huberman et al., 2008). Unfortunately, both are fraught
with technical problems that cloud the interpretation of the results; however by simply
eliminating specific genes, many of these issues can be rectified. Typically, in such ion channel
studies, the pore-forming unit is targeted to completely remove the channel’s expression and
function. In the case of the L-type Ca2+ channel, such an approach is problematic since these
channels are also necessary in cardiac and skeletal muscle and α1C-/- mice die before 14.5 days
post-conception (Moosmang et al., 2005b). Interestingly, conditional α1C-/- mice have been
made, in which, using the Cre-loxP site-specific recombination system, the α1C subunit is
removed in the hippocampus and neocortex (Moosmang et al., 2005a). However, in this mouse
the expression of α1C does not appear to be decreased until late postnatal ages (after the 3rd
week), making a developmental study infeasible. Additionally, there are no known dLGN
specific promoters, further limiting our ability to use a conditional mouse.
Another possible approach involves targeting of one of the subunits of VGCCs that is
necessary for membrane trafficking. The β subunit binds to an intracellular portion of the α1
subunit between the first and second transmembrane domains (Catterall et al., 2005).
Interestingly, in binding to the α1, the β subunit seems to obscure an endoplasmic reticulum
retention signal and allows for the α1 to be trafficked to the cell membrane (Dolphin, 2003).
There are four β subunits, and although mice lacking the β1 subunit are not viable (Gregg et al.,

5

1996), the β3 subunit is not necessary for skeletal or cardiac function as these mice live and breed
successfully. Importantly for us, however, they have a greatly reduced neuronal α1C membrane
expression (Fig 1.8) and associated L-type current (Namkung et al., 1998; Jeon et al., 2008).
Therefore, we were able to use this mouse to assess whether plateau potential activity, evoked by
strong retinal activity during early postnatal development, was necessary for the refinement of
retinogeniculate connections in the dLGN.
This thesis is arranged in two related chapters, both of which can be read as separate
papers in peer reviewed journals. Chapter 1, entitled “Requirements for synaptically evoked
plateau potentials in relay cells of the dLGN of the mouse,” is under review at the Journal of
Physiology. Chapter 2, entitled “The absence of synaptically evoked plateau potentials in dLGN
relay cells leads to a breakdown in retinogeniculate refinement”, is a manuscript in preparation.
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Chapter 1
Requirements for synaptically evoked plateau potentials in relay cells of the dorsal lateral
geniculate nucleus of the mouse

Abstract
In developing cells of the mouse dorsal lateral geniculate nucleus (dLGN), synaptic
responses evoked by optic tract (OT) stimulation give rise to long-lasting, high-amplitude
depolarizations known as plateau potentials. These events are mediated by L-type Ca2+ channels
and occur during early postnatal life, a time when retinogeniculate connections are remodeling.
To better understand the relationship between L-type activity and dLGN development we used
an in vitro thalamic slice preparation which preserves the retinal connections and intrinsic
circuitry in dLGN and examined how synaptic responses evoked by OT stimulation lead to the
activation of plateau potentials. By varying the strength and temporal frequency of OT
stimulation we identified at least three factors that contribute to the developmental regulation of
plateau activity: the degree of retinal convergence, the temporal pattern of retinal stimulation and
the emergence of feed-forward inhibition. Before natural eye opening (postnatal day 14), the
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excitatory synaptic responses of relay cells receiving multiple retinal inputs summated in both
the spatial and temporal domains to produce depolarizations sufficient to activate L-type activity.
After eye opening, when inhibitory responses are fully developed, plateau activity was rarely
evoked even with high temporal rates of OT stimulation. When the bulk of this inhibition was
blocked by bath application of bicuculline, the incidence of plateau activity increased
significantly. We also made use of a transgenic mouse that lacks the β3 subunit of the L-type
Ca2+ channel. These mutants have far fewer membrane bound Ca2+ channels and attenuated Ltype activity. In β3 nulls, L-type plateau activity was rarely observed even at young ages when
plateau activity prevails. Thus, in addition to the changing patterns of synaptic connectivity and
retinal activity, the expression of L-type Ca2+ channels is a requisite component in the
manifestation of plateau activity.
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Introduction
Ca2+ signaling through L-type Ca2+ channels is a prominent feature of many developing
neurons and has been implicated in a number of important events including cell survival, axonal
and dendritic growth, synaptogenesis and plasticity, as well as intracellular signaling and gene
expression (Cohen & Greenburg, 2008; Greer & Greenburg, 2008). L-type channel activation
can give rise to diverse patterns of activity, ranging from small spikes, spontaneous membrane
oscillations and prolonged firing rates, to large plateau like depolarizations (Rekling & Feldman,
1997; Morisset & Nagy, 1999; Lilelund et al., 2000; Singer et al., 2001; Lo & Erzurumlu, 2002;
Corlew et al., 2004; Crepel et al., 2007).
In developing neurons of the rodent dorsal lateral geniculate nucleus (dLGN), the
excitatory postsynaptic responses evoked by strong or repetitive stimulation of retinal ganglion
cell axons are of sufficient strength to activate high threshold L-type Ca2+ channels (Lo et al.,
2002; Jaubert-Miazza et al., 2005; Liu & Chen, 2008). This activation gives rise to sustained
(~500ms), high amplitude (35-60mV) depolarizations known as plateau potentials. These events
are encountered frequently at early postnatal ages but decline with age, so that after natural eye
opening (postnatal day (P) 14) plateau activity is rarely observed (Lo et al., 2002; JaubertMiazza et al., 2005). Such timing coincides with a number of important developmental events
occurring in the dLGN, including the establishment of segregated retinal projections into eyespecific domains, the pruning of retinal inputs onto dLGN relay cells, and the emergence of feedforward inhibitory connections (Guido, 2008). Some aspects of this remodeling (e.g., eyespecific segregation) have been attributed to the wave like patterns of spontaneous retinal
activity (Torborg & Feller, 2005; Torborg et al., 2005; Huberman et al., 2008). However, the
cellular mechanisms underlying the implementation of these activity-dependent changes remain
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largely unknown. Synaptically evoked plateau activity could figure prominently in the
remodeling process. L-type Ca2+ channel activity has been implicated in long-term changes in
synaptic strength of dLGN cells (Ziburkus et al., 2009), as well as intracellular signaling
cascades involved in the refinement of retinogeniculate projections (Pham et al., 2001).
To elucidate the role of plateau potentials, it is important to gain insight into the
mechanisms underlying their developmental regulation. The transient nature of these events
remains somewhat puzzling. At the time when their incidence is high, individual retinal synaptic
events are relatively weak (Chen & Regher, 2000; Hooks & Chen, 2006; Liu & Chen, 2008) and
not capable of reaching or sustaining the requisite levels of membrane depolarization necessary
to activate L-type channels (Hernandez-Cruz & Pape, 1989; Kammermeier & Jones 1997, 1998).
Moreover, by the time that plateau activity wanes, retinal synapses have matured (Bickford et al.,
2010) and their currents are 7-10 fold larger (Chen & Regehr, 2000; Hooks & Chen, 2006),
making them, in principle, sufficient to activate L-type activity. Thus, resolving this issue
requires one to examine other aspects of dLGN development. One such element is the changing
patterns of synaptic connectivity. Initially, dLGN cells are binocularly innervated, receiving
excitatory input from as many as a dozen retinal ganglion cells (Chen & Regehr, 2000; Lo et al.,
2002; Jaubert-Miazza et al., 2005; Hooks & Chen, 2006; Ziburkus & Guido, 2006). Indeed, their
coordinated activation by periodic bursts of spontaneous retinal activity can lead to significant
levels of membrane depolarization (Mooney et al., 1996). In contrast, by P14 many of these
inputs have been eliminated, spontaneous retinal waves subside (Demas et al., 2003) and the net
excitatory drive onto dLGN cells is greatly reduced (Lo et al., 2002; Liu & Chen, 2008). In
addition to the pruning of excitatory connections, inhibitory circuits that involve GABAeric
interneurons of the dLGN emerge, further limiting the degree of postsynaptic membrane
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depolarization (Ziburkus et al., 2003; Bickford et al., 2010). Another important element to
consider is the expression of L-type Ca2+ channels in the developing dLGN. Based on
immunostaining in dLGN, it appears that these channels are heavily expressed at early postnatal
ages (Jaubert-Miazza et al., 2005) and thus may offer a greater opportunity for the activation of
L-type activity at young ages. However, it remains to be tested whether such age related
modulation in channel density can affect the incidence of plateau potentials.
To consider how patterns of retinal stimulation as well as the underlying synaptic
connectivity of the dLGN contribute to the activation of plateau potentials, we recorded the
synaptic responses of developing relay cells in an acute thalamic slice preparation designed to
preserve both retinal and intrinsic inhibitory feed-forward connections (Chen & Regher, 2000;
Bickford et al., 2010). To assess whether L-type Ca2+ channel expression is a contributing factor,
we made use of a transgenic mouse that lacks the β3 subunit of the L-type Ca2+ channel. These
mutants have greatly attenuated L-type activity brought about by improper channel trafficking
and kinetics (Birnbaumer et al., 1998; Namkung et al., 1998; Murakami et al., 2002; Shiraiwa et
al., 2007). Finally, since many of the elements suspected to contribute to the activation of plateau
potentials change around the time of natural eye opening (P14), we compared the incidence of
plateau activity in dLGN cells before and after P14.
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Methods
Ethical approval. All procedures were performed in compliance with the Institutional
Animal Care and Use Committee at Virginia Commonwealth University. 50 wild-type C57/BL6
mice and 33 mice of a transgenic strain bred on a C57/BL6 background that lacks the β3 subunit
of the L-type Ca2+ channel (Namkung et al. 1998) were used. The mice were bred and housed in
resident colonies and ranged in age from P7 to 22. Slice preparation and in vitro
electrophysiology. To examine the synaptic responses evoked by optic tract (OT) stimulation, an
acute thalamic slice preparation which preserves retinal and intrinsic inhibitory connections in
dLGN was adopted (Chen & Regehr, 2000; Bickford et al., 2010). Mice were deeply
anesthetized with isoflurane and decapitated. The brain was removed from the skull and
immersed into an oxygenated (95% O2/5% CO2) 4°C sucrose solution (in mM: 28 NaHCO3, 23
sucrose, 11 MgSO4, 0.11 glucose, 2.75 KCl, 1.4 NaH2PO4, 0.5 CaCl2). The two hemispheres
were then separated by cutting along the midline at an angle of 10-20°. The medial aspect of the
brain was glued onto a tilted (20°) stage of a vibratome (Leica VT1000S) and 300μm sections
were cut in the parasagittal plane. Prior to recording, slices were incubated in a holding chamber
containing an oxygenated artificial cerebral spinal fluid (ACSF) solution (in mM: 126 NaCl, 26
NaHCO3, 10 glucose, 2.5 KCl, 2 MgCl2, 2 CaCl2, 1.25 NaH2PO4) for 30 minutes at 35°C and
then brought to room temperature. Individual slices containing the dLGN and a large segment of
the optic tract were then transferred to a recording chamber maintained at 32°C, and perfused
continuously at a rate of 2.0 ml/min with oxygenated ACSF.
In vitro recordings were done in a whole cell configuration with the aid of a fixed-stage
microscope (Nikon E600FN) equipped with differential interference contrast optics and a waterimmersion objective to view individual neurons within the slice. Patch electrodes were pulled
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vertically in two stages from borosilicate glass and filled with a solution (for current clamp
recordings: in mM; 140 K-gluconate, 10 HEPES, 2 MgATP, 0.3 NaCl, 0.1 NaGTP, pH=7.25,
260osmol/L; for voltage clamp recordings: 130 Cs methanesulfonate, 10 HEPES, 10 QX-314, 5
KCl, 5 EGTA, 2 MgCl2, 0.1 CaCl2, 2 MgATP, 0.1 NaGTP, pH=7.25, 260osmol/L). The final tip
resistance of filled electrodes was 3-7MΩ. Whole cell recordings were done using an Axoclamp
2B (current clamp) or AM Systems 2400 (voltage clamp) amplifier. Pipette capacitance, series
resistance, and whole cell capacitance were carefully monitored and compensated electronically
during the recording. Neuronal activity was displayed on an oscilloscope (Hitachi VC-6025A),
digitized (10-20KHz) through an interface unit (National Instruments BNC-2090) and stored
directly on a computer. Data acquisition and analysis was accomplished by using free software
(Strathclyde Electrophysiology Software, Whole Cell Analysis Program V3.8.2.). During some
recordings, the GABA antagonists bicuculline (25μM, Tocris 0131) and CGP (10μM, Tocris
1248) were bath applied to block inhibitory activity. Nimodipine (30μM, Tocris 0600) was also
bath applied to block L-type Ca2+ channel activity.
To evoke synaptic activity in dLGN, square-wave pulses (0.1– 0.3ms, 1-1000μA) were
delivered at variable rates of (0.2–100 Hz) through a pair of thin-gauge tungsten wires (0.5MΩ)
positioned in the optic tract. The stimulating electrodes were connected to a stimulus isolation
unit (World Precision Instruments Stimulus Isolator A360) that received input from a computer
controlled, multichannel pulse generator (World Precision Instruments PulseMaster A300)
programmed to elicit specific conditioning protocols.
Estimates of retinal convergence were accomplished by generating EPSP amplitude by
stimulus intensity plots (Fig. 1.3; see also Lo et al., 2002; Jaubert-Miazza et al., 2005; Ziburkus
& Guido, 2006). These were constructed by first determining the minimum stimulus intensity
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needed to evoke a postsynaptic response. Once the single fiber response was determined, current
intensity was increased in small increments (0.5 to 1.0μA) until a response of maximal amplitude
was consistently reached. A minimum of five responses was recorded at each stimulus intensity.
A change in amplitude that was equal to or exceeded a value that corresponded to the cell’s
single fiber response was used to distinguish one input from another. For example, if the single
fiber response was 1mV, a value of at least 2mV was needed to delineate the next input; for the
subsequent step a value of 3mV was needed. The estimates of retinal convergence obtained in
the present study were in accord with those reported previously (Chen & Regehr, 2000; Lo et al.,
2002; Jaubert-Miazza et al., 2005; Hooks & Chen, 2006; Ziburkus & Guido, 2006; Stevens et
al., 2007).
Immunocytochemistry. To examine the labeling pattern in dLGN for L-type Ca2+
channels, slices were processed with either a standard Nissl protocol or incubated with one of
two polyclonal rabbit antibodies: one directed toward the pore forming α1C subunit of CaV1.2 Ltype Ca2+ channel, and the other toward the accessory β3 subunit (1:1000, Alomone Labs ACC003, ACC-008). For tissue preparation, mice were deeply anesthetized with isoflurane and
transcardially perfused with phosphate buffer saline (PBS: 0.01mM NaH2PO4, 0.9% NaCl, pH
7.4) and 4% paraformaldehyde in 0.1M phosphate buffer. Tissue was post-fixed overnight and
sectioned (70μm) in the coronal plane. Sections containing the dLGN were pretreated (30
minutes) in 10% normal goat serum (NGS) in PBS and then incubated in their primary antibody
solutions diluted in 1% NGS/PBS overnight at 4°C. The next day, tissue was rinsed in PBS and
incubated at room temperature (1 hour) in 1% NGS/PBS solution containing a biotinylated goat
anti-rabbit (1:400, Sigma B8895) secondary antibody. Following a series of buffer rinses, tissue
was incubated (1 hour) in an avidin and biotinylated horseradish peroxidase (1:100, Vector Labs
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B-2004) 1% NGS/PBS solution. Sections were then reacted with a nickel intensified
diaminobenzidine (DAB) solution (1–2 minutes), washed in sodium acetate, mounted on slides,
dehydrated, and cover slipped for light microscopy. Digital images of labeled cells were acquired
with a Kodak CD 290 camera mounted on the head of a Nikon Labophot light microscope. Cell
density measurements were carried out as reported previously (Jaubert-Miazza et al., 2005).
Labeled cells were included if their nucleus or a continuous cell membrane was readily discerned
in a given focal plane. Cell density measurements were computed by counting labeled cells in a
100μm2 area within the centre of dLGN in two sections of five separate mice. These sections
were also used to obtain maximal length and width measurements of dLGN.
Western Blots. To examine protein expression of L-type Ca2+ channels, mice were
deeply anesthetized with isoflurane and decapitated. The brain was removed from the skull and
immersed into an oxygenated 4°C saline solution (in mM: 126 NaCl, 10 glucose, 2.5 KCl, 2
MgCl2, 2CaCl2, 1.25 NaH2PO4). The dLGN from both hemispheres was dissected from 400µm
thick coronal sections. Tissue was placed in a sucrose buffer (320mM with 2% Complete
Protease Inhibitor, Roche Diagnostics 11836153001) and stored at –80°C. Each sample
contained dLGNs from 4 mice. Tissue was defrosted on ice, homogenized in sucrose buffer and
the total protein concentration was determined using the Quick Start Bradford protein assay kit
(Bio-Rad 500-0207). 30µg of protein from each sample was loaded onto a Criterion 10% or
gradient 4-20% Tris-HCl polyacrylamide gel (Bio-Rad 345-0009 and -0032 respectively). The
protein was transferred overnight at 4°C to a nitrocellulose membrane (Bio-Rad 162-0115).
Membranes were blocked with 5% powdered milk in Tris-buffered saline with Tween 20 (TBST,
1 hour), then incubated (1.5 hour) with antibodies directed towards various subunits of the Ltype Ca2+ channel: α1C , α1D, β3 (1:200, Alomone Labs AAC-003, -005 and -008, respectively),
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β1b, β2 and β4 (1:250, a generous gift from Kevin Campbell) in 5% BSA in TBST. GAPDH
(1:100,000; Cell Signaling 2118) was used as a loading control. The membranes were washed
with Tris-buffered saline and treated with the secondary antibody, peroxidase goat anti-rabbit
(1:10,000, Jackson ImmunoResearch 111-035-003), in TBST (1.5 hour) at room temperature.
SuperSignal West Pico chemiluminescent detection reagent (Pierce 34077) was used to visualize
immunoreactivity. Analysis was performed using Kodak 1D Image Analysis Software.
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Results
We studied the synaptic responses evoked by OT stimulation for 152 dLGN cells in mice
that were 7-22 days old. Of these, 101 were recorded from wild-type (WT) and 51 from
transgenic mice lacking the β3 subunit of the L-type Ca2+ channel. For Figures 1.3-1.7, 1.10 and
Table 1, cells are divided into two age groups: before P14 (P7-13) and after P14 (P14-22). All
cells had resting membrane levels between –56 and –68mV, an input resistance of >200MΩ and
overshooting action potentials. Measurements of time constants of cells recorded before and after
P14 were also similar (Table 1).
Figure 1.1 illustrates the basic features of synaptically evoked plateau potentials in dLGN
(see also Lo et al., 2002; Jaubert-Miazza et al., 2005). These events, which prevail at early
postnatal ages, are defined as long lasting (100-500ms), high amplitude (35-60mV), slow
decaying depolarizations. Riding the crest of this response is a train of action potentials of
variable amplitude and duration. Plateau potentials can be activated when the OT is stimulated
with single (Fig. 1.1A, left) or repetitive pulses (Fig. 1.1B-D, left). They are mediated by the
voltage-dependent activation of high threshold L-type Ca2+ channels. Bath application (n=7
cells) of L-type Ca2+ channel antagonists such as nimodipine (Fig. 1.1A-B, right) block the
activation of plateau potentials while leaving the underlying synaptic events intact. At resting
levels (e.g., –60 mV Fig. 1.1C, left), EPSP activity provides an adequate amount of
depolarization to activate plateau activity; however, when hyperpolarized (e.g., –95 mV, Fig.
1.1C, right top) by DC current injection, these events are no longer sufficient for L-type
activation. In fact, when nimodipine is applied at these hyperpolarized levels, (Fig. 1.1C, right
bottom) postsynaptic activity remains unaffected. Additionally, in some instances at young
postnatal ages, nimodipine-sensitive plateau-like depolarizations could be evoked by
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depolarizing current injection (5 of 35 cells, 14%; Fig. 1.1D; also see MacLeod et al., 1997).
Finally, neither NMDA mediated activity nor intracellular Ca2+ release contribute to these
events, since plateau potentials persist and remain relatively unaltered after the application of the
NMDA antagonist APV (n=6 cells; Fig. 1.2A), or the internal use of the Ca2+ chelator BAPTA
(n=5 cells; Fig. 1.2B).
Figures 1.3 and 1.4 highlight how the sustained depolarization associated with the spatial
and temporal summation of retinally evoked EPSPs leads to the activation of plateau potentials.
To illustrate the effects of spatial summation, responses to a single shock of varying stimulus
intensity were used (Fig. 1.3). At young ages (P11, Fig. 1.3A, left), a progressive increase in
stimulus intensity led to graded increases in EPSP amplitude that eventually gave rise to a
plateau potential. By contrast, at late ages (P22, Fig. 1.3A, right) this protocol produced a few
step-like changes in EPSP amplitude, but, rather than a plateau potential, a single Na+ spike
emerged. Whether graded or step-like, these increases in EPSP amplitude brought about by
increasing stimulus intensity are taken to reflect the recruitment of multiple retinal inputs
converging onto a single dLGN cell (Chen & Regehr, 2000; Jaubert-Miazza et al., 2005; Hooks
& Chen, 2006). The corresponding EPSP amplitude by stimulus intensity plots can then be used
to obtain estimates of retinal convergence (see methods for details). The plots in Figure 1.3
reveal that a cell recorded at P11 had at least 8 retinal inputs whereas in a P22 cell only 2 were
observed. Because dLGN cells tend to receive far more retinal inputs prior to eye opening (Chen
& Regehr, 2000; Jaubert-Miazza et al., 2005; Hooks & Chen, 2006), their summation and
resulting depolarization should increase the likelihood of generating a plateau potential. In fact,
as shown in Figure 1.3B, before the time of natural eye opening (before P14), a single high
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intensity stimulus evoked a plateau in 18 of 38 cells (47%). However, after P14, none of the 24
cells tested exhibited plateau activity (χ2 test: p<0.0001).
A similar age-related pattern emerged when EPSPs summate in the temporal domain. To
illustrate the effects of temporal summation, responses to repetitive stimuli varying in temporal
frequency (5, 10, 20, 50, 100 Hz) were used (Fig. 1.4A). For these recordings, stimulus intensity
was held constant at a value that yielded an EPSP of half maximal amplitude. At all ages,
increasing temporal frequency led to an increase in the incidence of plateau potentials. However,
at young ages (P10, top), plateau potentials could be evoked even at relatively low temporal
frequencies (e.g., 10 Hz). By contrast, at older ages (P15, center) higher temporal frequencies
were needed to evoke plateaus, and for many cells (P22, bottom) they became difficult to evoke
even at the highest temporal frequency tested (100Hz). These effects are summarized in Figure
1.4B, which plots the incidence of plateau potentials as a function of temporal frequency. The
incidence of plateau potentials evoked by repetitive stimulation was significantly higher before
(21 of 31 cells, 68%) than after P14 (3 of 24 cells, 13%; χ2 test: p<0.0001). Moreover, before
P14, within single cells, the incidence of plateau potentials increased as a function of temporal
frequency, from 10% at 5Hz to over 60% at 20, 50 and 100Hz. Conversely, after P14, repetitive
stimulation failed to evoke plateau potentials at frequencies up to 20Hz, and, even at 100Hz,
plateaus were rarely observed (13%). Such efficacy at low rates of stimulation can in part be
attributed to the long decay time of the NMDA mediated component of the EPSP (Scharfman et
al., 1990; Lo et al., 2002), which is best illustrated in the responses evoked using 50Hz stimulus
(Fig. 1.4A). In order to fully consider these effects, we conducted voltage clamp recordings at
+40mV to observe the outward currents of NMDA receptors (NMDAR). Consistent with
previous reports, relay cells recorded before P14 showed significantly slower decay times (Fig.
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1.4C; 144.0 ± 5.6ms) compared to cells recorded after P14 (96.7 ± 10.1ms, one way ANOVA:
p<0.0001). As a result, the depolarization from EPSPs recorded at younger ages is prolonged,
thereby increasing the likelihood that subsequent stimuli will more readily lead to L-type
activation.
Taken together, these results suggest that the spatial and temporal summation of EPSPs
contribute to the activation of plateau potentials, and that these events are far more likely to
occur at early postnatal ages when dLGN cells exhibit a high degree of retinal convergence.
When this relationship was assessed directly for a group of 30 cells (Fig. 1.5), those with five or
more retinal inputs, 87% (13 of 15 cells) exhibited a plateau potential, all of which were from
young postnatal mice (before P14). By contrast, 80% (12 of 15) of cells with 1-4 inputs failed to
display a plateau potential, 9 of which were from late postnatal mice (after P14).
Another factor that can regulate the degree of postsynaptic depolarization is the inhibitory
activity arising from feed-forward connections between intrinsic interneurons and relay cells
(Crunelli et al., 1988; Ziburkus et al., 2003; Blitz & Regehr, 2005). At late postnatal ages (after
P14), OT stimulation often evokes an EPSP followed by IPSP activity (Bickford et al., 2010). As
shown in Figure 1.6A, inhibitory responses typically contain two hyperpolarizing components,
an early, short-duration IPSP that is blocked by the GABAA antagonist bicuculline and a slower,
long-duration IPSP that is blocked by the GABAB antagonist CGP. Here, we studied how the
emergence of the predominant form of inhibition, the GABAA mediated IPSP, affects the
activation of plateau potentials. After P14, OT stimulation with either a single (Fig. 1.6B, right)
or repetitive (Fig. 1.6C, right) pulses evoked IPSP activity. The inhibitory response limits the
amplitude and duration of the preceding EPSP and the cell fails to activate plateau activity.
However, when bicuculline is applied and GABAA inhibition eliminated, the same form of

20

stimulation led to a plateau potential (Fig. 1.6B-C, left; n=7). These effects are summarized in
Figure 1.6D-E which plot the incidence of plateau potentials recorded in the presence of
bicuculline at ages before and after P14. Before P14, the incidence of plateau potentials evoked
by single (13 of 26 cells, 50%) or repetitive stimulation (21 of 26 cells, 81%) was similar to
those recorded in control ACSF (Fig. 1.3B, single pulse 47%; Fig. 1.4B, repetitive pulses 68%).
However after P14, bicuculline application led to a significant increase in the incidence of
plateau potentials for both single (Fig. 1.6D; bicuculline 2 of 20 cells, 10% vs. Fig. 1.3B, control
ACSF 0%; χ2 test: p<0.01) and repetitive (Fig. 1.6E; bicuculline 8 of 23 cells, 35%; vs. Fig.
1.4B, control ACSF 13%; χ2 test: p<0.001) forms of stimulation. However, this increase
observed at older ages did not approach levels recorded before P14 (χ2 tests: single and repetitive
pulses: p<0.0001).
To examine the age related decrease in the expression of the L-type Ca2+ channel
reported by others (Jaubert-Miazza et al., 2005), we performed western blot analysis in
homogenized dLGN using antibodies directed to two pore forming subunits, α1C (240kDa), α1D
(255kDa) and the ancillary β3 (55kDa) of the L-type Ca2+ channel (Fig. 1.7). After P14 (n=6) the
protein expression level of these subunits fall to about 35-40% compared to values obtained
before P14 (n=6). Whether this age related decrease has a direct impact on the incidence of
plateau potentials has not been explored. To address this, we made use of a mutant mouse in
which the structural and functional features of L-type Ca2+ channels are disrupted, leading to
greatly reduced L-type currents (Namkung et al., 1998). This was accomplished by the targeted
deletion of the β3 accessory subunit, an element that is critical for proper channel kinetics,
assembly and membrane insertion (Dolphin, 2003). In order to assess L-type Ca2+ channel
expression in β3 null mice, we performed immunocytochemistry and western blot analysis in
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dLGN (Fig. 1.8). In WT mice, both β3 and α1C labeling was evenly distributed throughout
dLGN. High-power views of dLGN labeled cells also confirmed that staining was confined
largely to the somata and proximal dendrites. To best illustrate the stark contrast in β3 staining
between WT and β3 null mice, Fig. 1.8A presents the labeling pattern in a P28 WT, which has a
relatively low density of staining compared to younger WT mice, to that of a P7 β3 null. As
expected in β3 null mice, β3 labeling was completely absent. In addition, the staining for α1C was
severely reduced in the β3 null (Fig. 1.8B). At P7 there was a 60% reduction in the density of
labeled dLGN cells compared to age matched WT mice (Fig. 1.8C, n=5 WT, mean=25
cells/100μm2 vs. n=5 β3 null, mean=10 cells/100μm2; Student’s t-test: p<0.0001). Western blots
(Fig. 1.8D) of dLGN from WT (n=4) and β3 null (n=5) mice at P10 showed a similar pattern.
WT tissue exhibited strong expression of α1C, α1D and β3 whereas in β3 nulls, the expression of
α1C and α1D was greatly reduced and β3 was absent. When α1C protein levels were quantified
against a GAPDH loading control, β3 nulls exhibited a 64% reduction compared to WT (Fig.
1.8E). Furthermore, when the rest of the β subunits (β1b [57.9kDa], β2 [68.2kDa] and β4
[58.0kDa]) were analyzed, the protein levels were similar to those in WT (Fig. 1.8D), indicating
that they not show any form of compensation in response to the loss of β3.
While β3 null mice show a highly reduced expression of L-type Ca2+ channels, the
structural composition of dLGN was indistinguishable from WT. For example, as shown in Fig.
1.9A, Nissl stains did not reveal any gross abnormalities in the cytoarchitecture of dLGN and
adjacent thalamic nuclei. In addition, cell density measurements and the overall size of dLGN
were similar in WT (n=5 mice) and β3 nulls (n=5 mice, Fig. 1.9B). Thus, these observations are
consistent with other reports showing that the structural and functional composition of a number
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of identified central structures, including the retina is largely similar to WT (Ball et al., 2002;
Shiraiwa et al., 2007; Jeon et al., 2008).
The reduced expression of the α1C subunit in β3 null mice had a direct consequence on
the incidence of plateau activity. Synaptically evoked plateau potentials in β3 nulls were rarely
observed (Fig. 1.10B-C). A single shock delivered to OT was never able to evoke plateau
activity even at early ages or when high levels of stimulation were used (before P14, 0 of 26
cells; after P14, 0 of 24 cells). When repetitive stimulation was used, the encounter rate of
plateau activity for 26 cells recorded before P14 was only 8% for 50Hz and 38% for 100Hz
stimuli compared to values of 68% for WT (Fig. 1.4B, χ2 tests: 50 and 100Hz: p<0.0001). For
cells recorded after P14, the incidence of plateau potentials evoked by maximal repetitive
stimulation was only 4%. These losses are not likely due to any functional abnormalities since
dLGN cells from β3 nulls possess many of the membrane properties and synaptic responses
found in WT (Table 1, Fig. 1.11). The voltage responses to intracellular current injection
revealed similar patterns of rectification. Additionally, β3 null cells possessed a mixed cation
conductance (H) that gave rise to strong inward rectification and depolarizing sag, rebound low
threshold Ca2+ spikes (LT) and burst firing (B), an outward rectification that resulted in a delay
in spike firing (A) and spike frequency accommodation (afterhyperpolarization, AHP). Synaptic
responses evoked by OT stimulation were also similar to WT and were comprised of EPSPs
followed by IPSP activity (Fig. 1.10A). The decay times of NMDAR in β3 nulls was similar to
age-matched WTs (τ: before P14: 145.5±3.6, n=37 cells; after P14: 87.4±4.9, n=35 cells; see Fig.
1.4C for WTs), as was the incidence of IPSP activity (P7-11: 16%; P12-15: 48%; P16-20: 79%;
P20+: 94%; see Bickford et al., 2010 for WTs).
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Figure 1.1
Features of synaptically evoked plateau potentials in developing dLGN cells: spatial and
temporal summation and voltage dependency.
A. Synaptic responses of a P12 dLGN cell triggered by a single electrical pulse (300μA)
delivered to the optic tract (OT) in normal ACSF (left) and then after bath application of the Ltype Ca2+ channel antagonist nimodipine (right). In normal ACSF, OT stimulation evokes a
plateau potential, characterized as a fast rising, high-amplitude (≥35mV) sustained depolarization
(~500ms) that has a burst of inactivating sodium spikes riding its crest. Bath perfusion of
nimodipine blocks the plateau potential but leaves the underlying EPSP intact. B. Synaptic
responses at P14 evoked by repetitive stimulation (5 pulses at 20Hz), before (left) and after bath
applied nimodipine (right). In normal ACSF, repetitive stimulation evokes a large and sustained
plateau potential. Bath perfusion of nimodipine blocks the plateau potential, leaving the
summating EPSPs intact. Responses in A-B recorded at –60mV. C. Synaptic responses at P9
evoked by repetitive OT stimulation (5 pulses at 20Hz) at –60mV (left) and –95 mV (right top),
and in the presence of nimodipine (right bottom). Membrane levels were controlled by injecting
DC current through the recording electrode. At the relatively depolarized level of –60mv, the
temporal summation of EPSPs gives rise to a plateau potential. At the more hyperpolarized level
of –95mV, the same form of stimulation produces a large postsynaptic response but fails to
activate L-type channels and evoke a plateau potential. Application of nimodipine reveals that Ltype channels are not active in this response. D. Injection of 0.1nA current for 200ms can evoke
a plateau potential at young ages (P9, left) and nimodipine reduces this response to Na+ spikes
(right).
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Figure 1.2
Features of synaptically evoked plateau potentials in developing dLGN cells: pharmacology
A. Responses at P14 evoked by repetitive stimulation (5 pulses at 50Hz), before (left) and after
bath application of the NMDAR antagonist APV (right). The plateau potential is not affected. B.
Response at P8 evoked by 5 pulses at 50Hz with the Ca2+ chelator BAPTA in internal solution.
Plateau potentials can still be evoked. Responses in A-B recorded at –60mV.
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Figure 1.3
Factors that regulate the incidence of plateau potentials in developing dLGN cells: retinal
convergence and spatial summation.
A. Examples of synaptic responses evoked by progressive increases in the stimulus intensity of
OT stimulation at P12 (left) and P22 (right) dLGN cells, with the first response magnified for
clarity. Beneath each group of responses is the corresponding amplitude by stimulus intensity
plots. At P12, a systematic increase in stimulus intensity (superimposed traces) leads to graded
increases in EPSP amplitude. High levels of OT stimulation lead to the spatial summation of
multiple inputs and the generation of a plateau potential (top most trace). At P22, the same
stimulus protocol evokes a step-like increase in EPSP amplitude that gives rise to an EPSP with a
Na+ spike riding its peak. For EPSP amplitude by stimulus intensity plots, each point depicts the
peak amplitude of a single response. A minimum of five responses are recorded at each stimulus
intensity. The horizontal lines reflect the calculated threshold between separate retinal inputs (see
Methods). Estimated number of inputs at P11 is 8 and 2 at P22. Responses recorded at –60mV in
normal ACSF. B. Plot showing the incidence of plateau potentials encountered before and after
P14. The incidence of plateaus was higher before P14 when developing dLGN cells tend to
receive multiple retinal inputs.
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Figure 1.4
Factors that regulate the incidence of plateau potentials in developing dLGN cells:
temporal summation.
A. Examples of synaptic responses evoked by 5 pulses of repetitive (5Hz, 10Hz, 20Hz, 50Hz)
OT stimulation at three different postnatal ages (P10, P15, P22). At P10, plateau potentials are
evoked when stimuli as low as 10Hz are used, whereas at P15, 20 Hz is needed, and at P22 even
a 50Hz train could not activate a plateau potential. Responses recorded at –60mV in normal
ACSF. B. Plot showing the percentage of cells that exhibited a plateau potential as a function of
temporal frequency, before (filled circles) and after P14 (open circles). Each cell was tested at 5,
10, 20, 50 and 100Hz. Before P14, the incidence of plateau potentials was higher at all temporal
frequencies. C. Representative NMDAR current traces at P10 and P16 (right). Traces are
normalized to peak current to highlight changes in decay time. τ values were determined with a
single exponential fit (0 to 500ms) while holding cells at +40mV (Hooks & Chen, 2006). Plot
showing mean and S.E.M. decay τ values (ms) before and after P14 (left). Decay times are slower
before P14 than after.
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Figure 1.5
Relationship between postnatal age, degree of retinal convergence, and incidence of plateau
potentials.
Cumulative frequency plot showing the estimated number of inputs for a given dLGN cell. Each
point represents a single cell. Large circles and the dashed line delineate cells that exhibited
plateau potentials (PP) with single or repetitive stimulation, whereas small circles and the solid
line depict cells in which plateau activity was absent. Filled and open symbols specify cells that
were recorded before and after P14, respectively. Plateau potentials tended to occur before P14
and in cells that receive more than 4 inputs.
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Figure 1.6
Factors that regulate the incidence of plateau potentials in developing dLGN cells: feed
forward inhibition.
A. Example of synaptic response recorded at P13 before (control ACSF, left) and after the bath
application of the GABAA antagonist bicuculline (center), and the GABAB antagonist CGP
(right). In control ACSF, the synaptic response contains an EPSP followed by IPSP activity that
has two components, an early fast one (GABAA) followed by a slower, longer one (GABAB).
Bicuculline blocks the early IPSP and increases the size and duration of the preceding EPSP.
CGP eliminates the late IPSP and further increases the amplitude and duration of the EPSP. B.
Example of synaptic responses recorded at P14 before (control ACSF, left) and after bath
application of bicuculline (25μM, right). In control ACSF, a single electrical pulse applied to OT
generates a postsynaptic response that has a Na+ spike riding the peak of the EPSP/IPSP pair.
With the addition of bicuculline, OT stimulation leads to a plateau potential. C. Example of
another cell’s response at P14 before (control ACSF, left) and after the bath application of
bicuculline (25μM, right). A train of 3 pulses delivered at 20Hz evokes a complex response that
contains a Na+ spike and EPSP and IPSP activity. Again, the addition of bicuculline gives rise to
a plateau potential. Responses in A-C recorded at –60mV. D. Plot showing the incidence of
plateau activity evoked by single OT stimulation in the presence of bicuculline, before and after
P14. E. Similar plot showing plateau activity evoked by repetitive OT stimulation in bicuculline
(Bic), before (closed circles) and after (open circles) P14. For comparison, the incidence of
plateau potentials in control ACSF is plotted in grey (Ctr, as in Fig. 1.4B). After P14 bicuculline
led to an increase in the incidence of plateau activity.
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Figure 1.7
Factors that regulate the incidence of plateau potentials in developing dLGN cells: L-type
Ca2+ channel expression.
Western blots of dLGN tissue before and after P14 using antibodies for the pore forming α1C and
α1D subunits as well as the β3 accessory subunit, using GAPDH as a loading control (left). Right,
a plot of the change in density measurements of each subunit with age, expressed as percentage
of before P14. There is a developmental decrease (35-40%) in the expression of all three
subunits with age.
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Figure 1.8
Immunocytochemistry and western blot analysis of L-type Ca2+ channel subunits in WT
and β3 null dLGN.
A-C. Representative coronal sections in dLGN showing the cellular labeling pattern obtained
with antibodies directed toward the ancillary β3 (A; P28 WT, P7 β3 null) or the pore forming α1C
subunit (B; P7 WT and β3 null) in WT and β3 null mice. Mean and S.E.M. of density of cells
labeled for α1C at P7 in WT (n=5) and β3 null (n=5) mice (C). β3 nulls show an absence of β3
labeling and a 60% reduction in the density of cellular labeling for α1C. High power images from
sections shown above, images acquired with same exposure times. Scale bar: low power 100μm; high power - 25μm. D-E. Western blots of P10 dLGN tissue using the same antibodies
in addition to ones for the pore forming α1D subunit and the alternative β subunits (β1b, β2 and
β4). An antibody directed toward GAPDH was used as a loading control. Plot showing density
measurements of L-type Ca2+ channel subunit protein levels, expressed as a percentage of WT.
In β3 nulls, α1C showed a 70% reduction and α1D a 40% reduction when compared with WT, β3
expression was absent, and the expression of the other β subunits was similar to WT.
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Figure 1.9
Cytoarchitecture of dLGN and surrounding nuclei in WT and β3 nulls.
A. Representative coronal sections through dLGN showing Nissl stained cells in WT (left) and β3
null mice (right). Magnified images (100μm2) taken from indicated area inset. Outlines indicate
borders of dLGN and VLG. Cytoarchitecture of β3 null dLGN is similar to WT. Scale bar: low
power - 100μm; high power - 25μm. B. Plots showing cell counts (left) and measurements of
dLGN length and width (right) reveal no abnormalities in β3 nulls (grey) as compared to WT
(black).
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Figure 1.10
Electrophysiological composition of dLGN in WT and β3 nulls.
A-C. Examples of synaptic responses evoked by OT stimulation at different postnatal ages for
WT and β3 null dLGN cells. A. Single pulse OT stimulation (WT P15, β3 null P18) evokes
EPSPs followed by IPSP activity. B. At early postnatal ages (WT P11 and P12, β3 nulls P8 and
P10), a single pulse (top) or a train of 5 at 100Hz (bottom) readily evokes plateau activity in WT
(left). In β3 nulls (right), plateau activity is rare. Responses in A-B recorded at –60mV in normal
ACSF. C. Plot showing the percentage of cells that exhibited a plateau potential as a function of
temporal frequency, before (filled circles) and after P14 (open circles) for cells recorded in β3
null mice. Overall, the incidence of plateau activity was rare even before P14 and when high
rates of stimulation were used.
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Table 1. Intrinsic Membrane Properties
Property

WT

β3 null

Time Constant (ms)*
47.5 ± 2.5 (24)
50.5 ± 3.4 (24)
Before P14
43.1 ± 3.0 (28)
43.7 ± 3.3 (25)
After P14
Input resistance
343.5 ± 25.9 (59)
339.4 ± 27.3 (54)
2+
93.8% (64)
95.2% (63)
Low Threshold Ca spike
Low Threshold Ca2+ burst
41.4% (58)
48.3% (58)
Mixed cation conductance
82.3% (62)
74.1% (58)
+
91.2% (57)
88.4% (43)
A-type K conductance
The mean ± SEM or percent incidence for each property are shown, number of
cells are shown in parenthesis. Statistical analysis of the mean differences
between WT and β3 null for each property was calculated using a Student’s t-test.
None of the values are statistically different. Statistical analysis of the percent
incidence between WT and β3 null for each property was calculated using a χ2
test. None of the values are statistically different.
*We were able to fit 90% to a single exponential curve.
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Figure 1.11
Membrane properties of WT and β3 null relay cells.
A. Examples of voltage responses to current pulse injections from dLGN cells recorded in WT
and β3 null mice. In both strains, a number of active membrane properties were present.
Membrane hyperpolarization (-0.1nA) activates a mixed cation conductance (H) and produces an
inward rectification. Termination of the hyperpolarizing current pulse leads to the activation of
low threshold Ca2+ conductance (LT) and burst response (B). Membrane depolarization (0.1nA)
activates a number of K+ conductances (A, AHP) which leads to an outward rectification and
causes a delay in action potential firing. B. Plot of averaged voltage responses to 900ms long
current injections ranging from -0.1nA to 0.1nA for WT (black, n=52) and β3 null (grey, n=47)
relay cells at >P8. Both functions similar patterns of membrane rectification.
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Discussion
We have shown that a number of converging events contribute to the developmental
regulation of plateau potentials. These include the degree of retinal convergence, the pattern of
retinal stimulation, the maturation of inhibition, and the density of functional L-type Ca2+
channels. Indeed, these elements undergo dramatic changes around the time of natural eye
opening (Guido, 2008) thereby restricting the prevalence of plateau activity to the first two
weeks of postnatal life. In the ensuing discussion we address each of these factors separately and
then how the interplay between them regulates the generation of plateau potentials.
Excitatory synaptic connections undergo substantial pruning during the first few weeks of
postnatal life such that the number of retinal inputs onto single dLGN cells is greatly reduced
(Guido, 2008). At early ages (before P14), when the degree of retinal convergence is high,
plateau potentials were readily evoked. Experiments in which the stimulus intensity and temporal
frequency of OT stimulation were varied revealed that the summation of these convergent inputs
was sufficient to activate plateau activity. In fact, at early ages, the summation of responses for
cells with 5 or more inputs almost always led to plateau activity. Although each individual
excitatory response is weak at this age (Chen & Regher, 2000), when summation occurs it leads
to large, long lasting depolarizations (Lo et al., 2002; Jaubert-Miazza et al., 2005; Liu & Chen,
2008) that seem to favor the voltage- and time-dependent requirements for L-type Ca2+ channel
activation (Kammermeier & Jones, 1997). Indeed, the underlying composition of these
glutamatergic events are dominated by NMDA receptors that possess a subunit composition
promoting a relaxed voltage dependency, slower decay kinetics, and increased synaptic charge
transfer (Liu & Chen, 2008). In fact, the long decay times of NMDA receptor currents seem to
augment summation, especially at low temporal rates, leading to high levels of depolarization
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and plateau activation. By the second postnatal week, when dLGN cells receive far fewer retinal
inputs, plateau activity was rarely observed. Despite the reduced convergence, individual retinal
inputs are relatively strong and, in most cases, the peak amplitude of their synaptic current
exceeds that of developing dLGN cells (Hooks & Chen, 2006). However, unlike the responses of
early postnatal cells, those at older ages are dominated by fast, short-duration AMPA receptor
activation that has reduced charge transfer (Liu & Chen, 2008).
The pruning of retinal inputs is also accompanied by the maturation of intrinsic inhibitory
circuits. Both ultrastructrual and electrophysiological observations reveal that few, if any
inhibitory synapses are present at young ages (Ziburkus et al., 2003; Bickford et al., 2010).
However, by eye opening (P14), a feed-forward circuit involving retinal axons that innervate
both intrinsic interneurons and relay cells is present. When this circuit is activated by OT
stimulation, relay cells exhibit EPSPs that are followed by robust inhibitory responses (Crunelli
et al., 1988; Lo et al., 2002; Ziburkus et al., 2003; Blitz & Regehr, 2005; Bickford et al., 2010).
Our pharmacological experiments reveal that blocking the GABAA component of this inhibition
increases the duration and amplitude of retinally evoked EPSPs. For cells recorded at older ages
(after P14), this heightened depolarization can lead to a modest increase in the incidence of
plateau activity, however, it still remains significantly lower than the incidence recorded at early
ages. Thus, the emergence of inhibition per se cannot fully account for the age related decrease
in plateau activity.
Finally, we examined the expression of the L-type Ca2+ channels as a contributing factor
by utilizing a transgenic mouse in which the ancillary β3 subunit of the L-type Ca2+ channel has
been deleted. Previous studies indicate that β subunits play an important role in channel kinetics
(Birnbaumer et al., 1998) and membrane insertion of L-type Ca2+ channels (Bichet et al., 2000),
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and that the targeted deletion of the β3 subunit results in a significant reduction in the L-type
current. Estimates obtained in isolated dorsal root ganglion cell preparations reveal about a 60%
reduction in the peak amplitude of the L-type Ca2+ current (Namkung et al., 1998). Although we
did not measure L-type current directly in the dLGN of β3 nulls, we found that protein
expression levels of the pore forming alpha subunits to be reduced by 70% (α1C) and 40% (α1D)
compared to age-matched WTs. Moreover, synaptically evoked plateau potentials were rarely
observed in these mutants even at early ages or when repetitive stimulation was used. Thus, these
experiments reveal that overall channel density and functional expression affect plateau activity.
Interestingly, a similar scenario may occur during development. Both western blot analysis and
immunostaining reveal that the density of L-type channels is highest at early ages, but then
declines with age (see also Jaubert-Miazza et al., 2005).
While all of these events are contributing factors, it is difficult to assess how each, by
itself, regulates the generation of plateau potentials. Nonetheless, it is our belief that no one
single variable is solely responsible. Clearly, overall L-type Ca2+ channel expression is an
overriding factor. However, we still are able to modulate the incidence of plateau activity during
conditions of both high and low channel expression. For instance, during the peak of L-type
expression (before P14), the incidence of plateau activity can be altered by summating postsynaptic events either in the spatial or temporal domain thus underscoring the importance of
excitatory retinal convergence. Moreover, at a time when L-type expression is relatively low
(after P14), the removal of inhibition leads to a substantial increase in incidence of plateau
activity, suggesting that inhibition curtails the degree of depolarization needed to activate these
events. Perhaps the latter is not surprising since even mature thalamic relay cells possess robust
L-type Ca2+ currents (Hernandez-Cruz and Pape, 1989; Kammermeier and Jones, 1997; Zhou et
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al., 1997; Budde et al., 1998). The relationship between overall channel expression and the
maturation of retinogeniculate circuitry is further underscored when one considers the incidence
of plateau potentials in β3 nulls. First, plateaus in β3 nulls are rare, but clearly more prevalent at
young ages when factors such as retinal convergence and the lack of inhibition seem to have
their greatest impact. Indeed, at late ages, when inhibition is peaking, far fewer plateau potentials
are evoked in these mutants. Secondly, although L-type expression is lower in young postnatal β3
nulls than in late postnatal WTs, the incidence of plateau potentials is actually higher in the
mutants. This suggests that despite the low levels of channel expression, the functional state of
early geniculate circuitry can still promote plateau activity.
In the adult dLGN, L-type activity has been reported to play a role in signal transmission
by regulating cellular excitability during tonic firing modes (Zhou et al., 1997; Budde et al.,
1998; Budde et al., 2002; Pape et al., 2004). However, the developmental regulation of plateau
potentials suggests that L-type activity may also be associated with the activity dependent
refinement of developing retinogeniculate connections. L-type Ca2+ channels are located
primarily on the somata and proximal regions of dendrites (Zhou et al., 1997; Budde et al.,
1998). Thus, their close proximity to retinal synapses (Rafols & Valverde, 1973; Sherman &
Guillery, 2002; Bickford et al., 2010) allows for L-type activation to be coincident with retinally
evoked postsynaptic events. In fact, the driving force behind their concerted activation could
arise from spontaneous retinal waves. In vitro recordings of retinal waves in a preparation that
preserves the eyes and retinal connections to dLGN reveal that groups of retinal ganglion cells
firing in synchrony to generate long epochs of high frequency activity and large sustained
depolarizations in dLGN cells (Mooney et al., 1996). Although the underlying pharmacology of
these responses was not investigated, their profile largely resembles synaptically evoked plateau
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activity generated by high frequency stimulation of OT (Lo et al., 2002; Butts et al., 2007). Thus
it would seem that the high incidence of plateau activity coincides with a time during
development when retinal waves prevail. In fact, plateau activity and its associated Ca2+ influx
may represent the means by which retinal waves mediate the activity dependent refinement of
retinogeniculate connections (Torborg & Feller, 2005).
In fact, the activity dependent influx of Ca2+ associated with L-type channel activation
has been implicated in several forms of synaptic plasticity (Magee & Johnston, 1997; Lo &
Mize, 2000; Guido et al., 2001) as well as signaling cascades involved in the structural
remodeling of synaptic connections (Greer & Greenberg, 2008). Studies in developing dLGN
show that L-type activation is needed for the induction of long-term changes in synaptic strength
(Ziburkus et al., 2009) and seems to favor the Ca2+ dependent cAMP response element binding
protein (CREB) signaling cascade (Mermelstein et al., 2000; Dolmetsch et al., 2001; Kornhauser
et al., 2002) known to be important for retinogeniculate axon segregation (Pham et al., 2001).
While a direct link between the activity-dependent refinement of retinogeniculate connections
and L-type mediated plateau activity is presently lacking, the future utilization of the β3 null
mouse may offer an opportunity to directly assess this relationship.
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Chapter 2
The absence of synaptically evoked plateau potentials in dorsal lateral geniculate nucleus
relay cells leads to a breakdown in retinogeniculate refinement

Abstract
In developing dLGN relay cells, repetitive stimulation of the optic tract in a manner that mimics
spontaneous retinal waves evokes long-lasting, high-amplitude depolarizations (plateau
potentials), mediated by L-type calcium channels. Plateau potentials prevail early in life, at the
peak of retinogeniculate refinement, and the large Ca2+ influx they generate could initiate
remodeling. To determine whether synaptically evoked plateau potentials in dLGN are necessary
for the refinement of retinogeniculate connections, we used a mouse that lacks the L-type Ca2+
channel β3 subunit. These mutants have reduced L-type Ca2+ channel expression and current, and
plateau potentials are rarely observed. In vitro multi-electrode array recordings of retinal
explants reveal normal spontaneous waves. However, retinogeniculate projections in β3 nulls fail
to segregate properly and their dLGN cells show a higher degree of retinal convergence. Thus,
postsynaptic L-type Ca2+ channel activity is necessary to implement the activity-dependent
refinement of the retinogeniculate pathway.
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Introduction
Over the past two decades much of our present understanding about the activitydependent refinement of sensory circuits comes from studies that make use of retinogeniculate
connections in the dorsal lateral geniculate nucleus (dLGN) of the thalamus. More recently, the
retinogeniculate pathway of the mouse has emerged as a powerful model system, where the
projections from the two eyes in dLGN are initially diffuse and overlapping, but become
organized into non-overlapping domains just before eye opening (postnatal day (P) 12; Guido,
2008). Eye-specific segregation is accompanied by a pruning of retinal inputs onto single dLGN
cells from as many as a dozen or so weak ones to 1-3 strong connections (Chen & Regehr, 2000;
Jaubert-Miazza et al., 2005). Such remodeling has been attributed to spontaneous bursts of action
potentials among neighboring retinal ganglion cells (RGCs) that spread as a wave across the
retina (Torborg & Feller, 2005). Retinal waves are capable of driving robust post-synaptic
excitatory activity in dLGN relay cells (Mooney et al., 1996) until about the time of natural eye
opening, when visual evoked events serve as the primary source of dLGN activity (Demas et al.,
2003).
When retinal waves are disrupted or eliminated, retinogeniculate projections fail to
develop properly (Torborg & Feller, 2005; Huberman et al., 2008). For example, mice lacking
the β2 subunit of neuronal nicotinic acetylcholine receptors do not exhibit normal stage II
cholinergic retinal waves (~P1-10; Bansal et al., 2000). As a result, retinal projections from the
two eyes initially remain diffuse and fail to segregate into eye-specific domains (Muir-Robinson
et al., 2002). Another transgenic model, the no-b wave mouse (nob), has normal stage II waves
but abnormal glutamatergic phase III waves that persist past the period of natural eye opening
(Demas et al., 2006). While their projections in dLGN initially segregate, the prolonged, high
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frequency waves cause the newly established eye-specific domains to return to a diffuse state.
Together these studies suggest that there are two periods of activity-dependent refinement in
dLGN, an initial, inductive phase during which eye-specific domains are formed and retinal
pruning begins, and a maintenance phase, during which continued retinal activity is necessary for
the connections to prune weak synapses and strengthen others (Guido, 2008; Huberman et al.,
2008).
Despite the evidence linking retinal waves to retinogeniculate refinement, it is still
unknown how such remodeling is implemented on a cellular level. A likely candidate involves
the cAMP response element (CRE) binding protein (CREB), a transcription factor regulated by
Ca2+ and cAMP. CREB-mediated gene expression peaks during dLGN refinement, and is
important for retinogeniculate segregation (Pham et al., 2001). While NMDA receptors
(NMDAR) could provide an activity-dependent Ca2+ influx to initiate CREB signaling cascades
and have been shown to figure prominently in the developmental plasticity of many other
sensory systems, they are not necessary for post-synaptic activity in developing dLGN cells
(Mooney et al., 1996) nor the eye-specific segregation of retinal projections (Smetters et al.,
1994). A more likely candidate is the high threshold L-type Ca2+ channel. Interestingly, its
carboxyl tail directly binds calmodulin (CaM), a calcium binding protein that can activate CaMdependent kinases to phosphorylate CREB, initiating gene transcription (Morad & Soldatov,
2005). This could initiate the pruning and stabilization of developing retinogeniculate
connections in an activity- and Ca2+-dependent manner.
In the dLGN, L-type Ca2+ channels are located primarily on the soma and proximal
dendrites of relay cells (Budde et al., 1998; Jaubert-Miazza et al., 2005), thus placing them in
close proximity to retinal synapses (Rafols & Valverde, 1973). Repetitive stimulation of optic
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tract (OT) fibers in a manner that approximates retinal waves evokes a long lasting
depolarization of sufficient amplitude and duration to activate high-threshold L-type Ca2+
channels (Lo et al., 2002). These events, called plateau potentials, occur more readily at young
ages during the peak of retinogeniculate remodeling (before P14). A number of factors seem to
contribute to the prevalence of this activity at early ages (Dilger et al., submitted), including the
density of L-type expression (Jaubert-Miazza et al., 2005), the emergence of intrinsic feedforward inhibitory activity (Bickford et al., 2010), the degree of retinal convergence (Chen &
Regehr, 2000; Lo et al., 2002; Jaubert-Miazza et al., 2005; Hooks & Chen, 2006) as well as the
changes in the subunit composition of excitatory receptors (Lui & Chen, 2008). Thus, the strong
postsynaptic depolarization of dLGN cells provided by retinal waves coupled with the coincident
activation of L-type Ca2+ channel plateau potentials seems a likely candidate for mediating
activity-dependent remodeling in dLGN.
To test if the L-type mediated plateau potentials and their associated Ca2+ influx play a
role in retinogeniculate refinement, we took a loss of function approach and made use of a
mutant mouse that lacks the β3 subunit of the L-type Ca2+ channel (Namkung et al., 1998). This
accessory subunit is important for channel trafficking, and without it, there is a significant
reduction in the membrane expression of the pore forming, α1C subunit (Bichet et al., 2000), and,
as a consequence, a greatly reduced L-type current (Namkung et al., 1998; Shiraiwa et al., 2007).
Although these mutants show a decreased incidence in plateau potential activity, dLGN cells
have normal intrinsic membrane properties and synaptic responses, comprised of EPSPs
followed by IPSPs (Dilger et al., submitted). In fact, by all accounts, many aspects of their
central nervous system (CNS) are indistinguishable from wild-type mice (WT; Namkung et al.,
1998; Murakami et al., 2002; Shiraiwa et al., 2007; Dilger et al., submitted). For example, the
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lack of the β3 subunit does not seem to affect the retina, where the β2 subunit is dominant (Ball et
al., 2002). The structure and functional composition of the retina is also normal in β3 nulls, as is
their light response, which displays a normal electroretinogram b-wave. Thus, the β3 null seems
like a strong candidate to assess whether L-type Ca2+ channel activity is necessary for the
refinement of dLGN connections.
In order to examine synaptically evoked L-type activity in β3 nulls, we performed wholecell current clamp recordings in a thalamic slice preparation that preserves the OT and its
connections to the dLGN. As shown previously (Dilger et al., submitted), electrical stimulation
of the OT failed to evoke synaptic plateau potentials in the majority dLGN cells of β3 nulls, even
at early postnatal ages. We also verified that spontaneous retinal activity in the β3 null is
indistinguishable from normal WTs by performing multi-electrode array recordings on retinal
whole-mount explants. Finally, we assayed two aspects of refinement, eye-specific segregation
and retinal convergence. To visualize eye-specific domains in dLGN, we made use of
anterograde tracers in the form of cholera toxin subunit B (CTB) conjugated to different
fluorescent markers, injected into one eye or the other. To determine the degree of retinal
convergence, we obtained estimates of the number of retinal inputs converging onto single
dLGN using the thalamic slice preparation. β3 nulls show significantly less eye-specific
segregation in dLGN and individual relay cells receive far more retinal inputs than age-matched
WTs, indicating that the activity of the L-type Ca2+ channel plays a major role in mediating the
activity-dependent refinement in dLGN.
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Methods
All procedures were performed in compliance with the Institutional Animal Care and Use
Committee at Virginia Commonwealth University. Wild-type C57/BL6 mice and a transgenic
strain bred on a C57/BL6 background that lacks the β3 subunit of the L-type Ca2+ channel
(Namkung et al., 1998) were used. The mice were bred and housed in resident colonies and
ranged in age from P7 to P34.
For methods on slice preparation, in vitro electrophysiology and estimates of retinal
convergence see pages 12-14.
Multielectrode array recordings were carried out as reported previously (Demas et al.,
2003; Demas et al., 2006). We prepared retinas in a room with only infrared illumination. After 1
hour of dark adaptation, mice were deeply anesthetized with isoflurane and decapitated, and the
retina was removed in cooled, oxygenated ACSF (in mM: NaCl 119, KCl 2.5, MgCl2 1.3, CaCl2
2.5, NaH2PO4 1.0, glucose 11, and HEPES 20. A piece of retina was placed, ganglion cell side
down, onto a 60-channel MEA (MultiChannel Systems), held in place with a lightly weighted
insert filter (Corning), and superfused with oxygenated ACSF (1-2ml/min), maintained at 3133°C. The ITO array electrodes were 30μm in diameter, arranged on an 8x8 rectangular grid
with 100μm interelectrode spacing and 10μm electrode area. The retina was allowed to settle for
1 hour before recordings, which were done in complete darkness. Analog data was acquired at 25
kHz per channel. Antagonists DNQX (AMPAR, Tocris 2312), D-APV (NMDAR, Tocris 0106)
and DHβE (neuronal α4 subunit containing nicotinic receptor, Tocris 2349) were bath applied at
25μM. A threshold of six times the standard deviation of the noise was set for each channel, and
1ms of data before a threshold-crossing event and 3ms after the threshold event was stored for
each waveform. These spike waveforms were then sorted with MCRack window method. The
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burst and correlation analysis was preformed with Neuroexplorer, Excel, and custom Matlab
software, as previously published (Demas et al., 2003; Demas et al., 2006).
Intravitreal eye injections. Mice are anesthetized by hypothermia (<P4), with isoflurane
vapors (P4-P27) or injected IP with Ketamine/ Xylazine (>P27). Using a dissecting microscope,
the sclera and cornea are pierced with a glass pipette and excess vitreous is drained. Another
pipette, filled with a 1% solution of a fluorescent conjugate (Alexa Fluor 488 or 555) of CTB
(Invitrogen) in distilled water is inserted into the hole made by the initial pipette. The pipette is
attached to a picospritzer and a prescribed volume (1-4μl at P1-P10 and 5-8μl at >P10) of
solution is injected into the eye. Mice are given a 2-3 day survival period sufficient for the tracer
to reach and fill the dLGN and superior colliculus. Animals are then deeply anesthetized with
isoflurane and transcardially perfused with phosphate buffer saline for 5 minutes and 4%
paraformaldehyde in 0.1M phosphate buffer for 25 minutes. Brains are removed, post-fixed
overnight and sectioned (70μm) in the coronal plane using a vibratome (Leica VT1000S).
Sections containing the dLGN are mounted with ProLong Gold Antifade Reagent (Invitrogen)
and visualized with fluorescent microscopy. Images of dLGN are acquired with a Photometrix
Coolsnap camera attached to a Nikon Eclipse fluorescence microscope using a 10x objective.
Fluorescent images of labeled sections are acquired and digitized separately (1300 x 1030 pixels
/frame) using the following filter settings: Alexa 488: Exciter 465-495, DM 505, BA 515-555,
Alexa 594: Exciter 528-553, DM 565, BA 600-660. To measure the spatial extent and the degree
of overlap of crossed and uncrossed projections, threshold-imaging protocols are used (JaubertMiazza et al., 2005). An R-analysis, based on the log ratio of pixel intensity is used to assess the
degree of segregation between crossed and uncrossed projections (Demas et al., 2006).

58

Results
Prevalence and kinetics of plateau potentials in WTs and β3 nulls
In adult dLGN cells of WTs, synaptic responses to a single, near threshold electrical
pulse delivered to the OT typically evokes an EPSP followed by IPSP activity (Fig. 2.1A, left).
However at young ages, when suprathreshold stimulation is applied, plateau potentials can be
evoked (Dilger et al., submitted). This long lasting, high amplitude depolarization is mediated by
the L-type Ca2+ channel, and is a salient characteristic of developing dLGN cells, occurring
almost exclusively before eye-opening (P14). Plateau activity can also be evoked using repetitive
stimulation. Using stimulus intensities that generate an EPSP of approximately half maximum
amplitude, and repetitive stimulation at 20, 50 and 100Hz, these responses occur frequently at
young ages (Fig. 2.1B, left). While dLGN cells of β3 nulls exhibit the normal complement of
EPSP/IPSP activity, plateau potentials are rarely evoked (Fig. 2.1A, right; Dilger et al.,
submitted). Figure 2.1C plots the incidence of plateau activity in WTs and β3 nulls before P14. In
WTs, a plateau potential was evoked in 18 out of 38 cells (47%) with a single stimulation and in
61% to 67% of cells with 20-100Hz repetitive stimulation. In contrast, in β3 nulls, plateau
potentials were never evoked with a single stimulus, were rarely seen with 20 and 50Hz (4-8% of
cells) and even the highest rate of 100Hz stimulation evoked far fewer plateau potentials
compared to WTs (38%).
The plateau potentials that were evoked in β3 nulls seemed to have different kinetics than
those in WTs (Fig. 2.2A) suggesting that the overall influx of Ca2+ is different in these mutants
(Birnbaumer et al., 1998; Dolphin, 2003). We measured plateau activity evoked in a total of 24
cells (15 WT and 9 β3 null) using 100Hz rate of stimulation. For this analysis we measured
amplitude, rise, decay and duration (see inset Fig. 2.2A). Amplitude was measured at the trough
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of inactivating Na+ spikes during the peak of the plateau activity, and was reduced by almost
10mV in β3 nulls (Fig. 2.2B, WT: 51.9mV; β3 null: 42.2mV; Student’s t-test p<0.001). Rise
time, measured as the first 50ms of the response, was also compared (Fig. 2.2C, left). Each
response was fit to a linear best-fit line, and the slopes of these were averaged (Fig. 2.2D, left).
Plateaus in WTs had significantly faster rise times than those in β3 nulls (WT: 1.3mV/ms; β3
null: 0.65mV/ms; Student’s t-test p<0.001). To analyze the decay times, the first 50ms after the
inactivating Na+ spikes was fit with a single exponential decay curve (Fig. 2.2C, right). The
decays of β3 null plateaus were significantly slower than those in WTs (Fig. 2.2D, right; WT τ:
19.5ms; β3 null τ: 24.9ms; Student’s t-test p<0.001). We measured duration in two ways. First,
we examined the duration form onset to 10% of maximal amplitude. Since the decay of plateau
potentials in β3 nulls was slower, an increase in this measure of duration was expected (not
shown; WT: 237ms; β3 null: 423ms; Student’s t-test p<0.001). However, since L-type Ca2+
channels are only activated at depolarized membrane potentials, we also looked at the duration of
the plateau potential from onset to just prior to the start of decay (i.e. the end of the inactivating
Na+ spikes). Interestingly, there were no differences in this measure of duration (not shown; WT:
115ms; β3 null: 128ms; Student’s t-test p>0.1), suggesting that the activation times of L-type
Ca2+ channels were not prolonged in β3 nulls.
Developmental composition of NMDAR and AMPAR synaptic currents
Excitatory synaptic currents at the retinogeniculate synapse undergo a number of changes
during early postnatal life including in their relative strength and receptor subunit composition
(Liu & Chen, 2008). It is conceivable that the alterations in the incidence and kinetics of plateau
potentials in β3 nulls could be related to defects in these events. To determine if the loss of the β3
subunit had any effect on these properties, we performed voltage-clamp recordings at –70mV, to
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examine the fast inward AMPA receptor current, and at +40mV, to see the slowly decaying
outward NMDA receptor current (AMPAR and NMDAR, respectively). Studies in the dLGN
have shown changes in the ratio of the currents with age, with the NMDAR current decreasing
relative to the AMPAR current (Liu & Chen, 2008). Figure 2.3A compares representative
maximal AMPAR to NMDAR current ratios recorded at different postnatal ages for WT and β3
null dLGN cells, normalized to NMDAR currents. In both WTs and β3 nulls, NMDAR currents
dominate at P9-11 (Fig. 2.3B; β3 null (WT): 0.96 (0.98) one-way ANOVA: p>0.1), with
AMPAR currents strengthening with age (P15-17 β3 null (WT): 1.76 (1.65) p>0.1; P9-11 vs.
P15-17 for both WT and β3 null one-way ANOVA: p<0.001). Thus, developmental changes
occur normally in β3 nulls. Additionally, the maximal current evoked from AMPAR and
NMDAR was not different between WT and β3 null (not shown; β3 null (WT): AMPA P9-11: –
0.75±0.03nA (–0.84±0.07nA); P15-17: –1.0±0.1nA (–1.0±0.1nA); NMDA P9-11: 0.82±0.04nA
(0.88±0.06nA); P15-17: 0.63±0.08nA (0.63±0.07nA); one-way ANOVA p>0.1 for all WT vs. β3
null comparisons).
Previous studies at the retinogeniculate synapse also show that the decay time of
NMDAR accelerates with age (Lui & Chen, 2008), caused by changes in NR2 subunit
composition from the slowly decaying NR2B to the faster NR2A. Figure 2.3C shows
representative maximal NMDAR currents at early (P10) and late (P16) postnatal ages in the WT
and β3 null. In both strains, relay cells at young ages decayed more slowly (WT: 144ms; β3 null:
145ms; one-way ANOVA: p>0.1) than those at older ages (WT: 96.7ms; β3 null: 87.4ms; oneway ANOVA: p>0.1; both strains P9-11 verses P15-17: p<0.001). These results, as well as the
relative strengthening of AMPAR currents with age, indicate that glutamatergic transmission at
the retinogeniculate system of β3 nulls develops normally. Moreover, the decreased incidence
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and kinetics in plateau potentials noted previously are not due to a lack of excitatory drive but
instead reflect defects in either the channel assembly or membrane insertion.
Spontaneous retinal activity in β3 nulls
While visual responses in β3 nulls do not seem to be impaired (Ball et al., 2002), the
patterns of spontaneous retinal activity prior to eye opening remain unexplored. To address this,
we performed in vitro multi-electrode array recordings of retinal explants from β3 nulls. The
firing rate and interwave intervals seen in P7 and P12 β3 nulls are comparable to those previously
recorded in WTs (cf. Demas et al., 2003; Demas et al., 2006; P7 (P12) firing rate: 0.57±0.07Hz
(0.48±0.07Hz); interwave interval: 73.4±5.7s (20.6±1.4s)). At P7, RGCs fire in bursts, which are
separated from each other by about a minute (Fig. 2.4A). At this age, waves are cholinergic in
nature, and, as expected, bath application of two glutamatergic antagonists, DNQX, which
blocks AMPAR, and D-APV, an NMDAR blocker, had no effect on the waves, while DHβE, a
cholinergic antagonist, eliminated them (Fig. 2.4B). By P12, the interwave interval had
decreased to less than half a minute (Fig. 2.4A), and pharmacology revealed the reported
developmental switch from cholinergic to glutamatergic driven activity (Fig. 2.4B). At this age,
DHβE had no effect on the wave activity, while application of D-APV and DNQX eliminated the
waves. Spatial temporal correlations of activity among neighboring RGCs was also assessed in
β3 nulls. The degree to which developing RGCs fire together typically depends upon the distance
separating the two cells (Demas et al., 2003). This was assessed for pains of cells as a function of
the estimated distance between them, which was obtained by the position of the electrode from
which the cell was recorded. At both P7 and P12 the correlation index between neighboring
RGCs firing time decreased as a function of inter-cell distances (Fig. 2.4C). Additionally, we
calculated the coherence of cell pairs to assess how correlated their activity is at a particular
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frequency. At P12, the mean coherence was 0.15Hz, corresponding to the frequency of bursting
typically seen at this age in WTs (see Demas et al., 2003).
Retinogeniculate refinement in WTs and β3 nulls
To determine whether the lack of plateau potentials in β3 nulls affect eye-specific
segregation in the dLGN, we made intraocular eye injections of CTB conjugated to two different
fluorophores (Alexa Fluor 594 or 488). This technique allows for the simultaneous visualization
of terminal domains occupied by contralateral and ipsilateral projections as well as the overlap
between them (Torborg & Feller, 2004; Jaubert-Miazza et al., 2005). Examples of the labeling
pattern in WT and β3 nulls at different ages are shown in Figure 2.5A (contralateral: red;
ipsilateral: green; overlap: yellow). In WTs, by P11 the regions of dLGN occupied by
contralateral and ipsilateral projections are well defined and showed little overlap (4±0.3%).
Ipsilateral projections only make up a small portion (11±0.5%) of the territory, and are confined
to a small patch in the dorsal-medial region of the dLGN. However, in β3 nulls, the ipsilateral
eye projections were more diffuse, even as late as P28 (7±0.4%). Additionally, ipsilateral
domains were greatly expanded (17±0.8% at P28) particularly along the ventral-medial aspect of
dLGN. By binarizing images of the dLGN (Fig. 2.5A, center columns), we were able to quantify
the spatial extent of the ipsilateral patch as well as the amount of overlap between the projections
(Fig. 2.5C). We found that the ipsilateral projection as well as the degree of overlap was
significantly larger in β3 nulls than in age-matched WTs. This defect was seen across all ages
studied, including as late as P28. For example, in Figure 2.4D the overall average of the
ipsilateral eye projection and the degree of overlap was significantly larger in β3 nulls than WTs
(β3 null (WT): ipsilateral: 16±0.4% (12±0.4%); overlap: 7±0.2% (4±0.3%); Student’s t-test both
ipsilateral and overlap, p<0.001)
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Eye-specific segregation can also be quantified by analyzing the fluorescent intensity of
individual pixels (Torbor & Feller, 2004; Jaubert-Miazza et al., 2005; Demas et al., 2006). For
each pixel in a labeled section of dLGN (Fig. 2.5A, edges), we calculated the logarithm of the
ratio of fluorescent intensities for ipsilateral (FI) and contralateral (FC), called the R-value
(R=log[FI/FC]). Averaged histograms of the R-values for labeled sections of WTs and β3 nulls at
P17 and P28 are shown in Figure 2.5E. The WT distributions are typically wide and have two
peaks, one around –1 representing pixels from contralateral terminal fields with and a smaller
peak around +1 representing the pixels from ipsilateral eye fields. These distributions also have a
trough around 0, the value that represents pixels with high intensities for both the contralateral
and ipsilateral fluorescence (Torborg & Feller, 2004). Distributions from WTs have typically
large variances, or ranges of R-values, indicating more contralateral-dominant and ipsilateraldominant pixels, and therefore more segregation. Variance is plotted as a function of age in
Figure 2.5F. As early as P11, WTs have high variances in their R-distributions, indicating that
their projections are well segregated. β3 nulls, however, have much narrower R-distributions
with significantly smaller variances, indicating that they have more pixels containing both
contralateral and ipsilateral domains, and thus far less segregation. The average R-distribution in
β3 nulls only has one peak (around –0.5) even as late as P28 (Fig. 2.5E), and their variances are
significantly lower across all ages (Fig. 2.5G; β3 null (WT): 0.4±0.01 (0.5±0.01); Student’s t-test,
p<0.001).
We also wanted to examine whether these diffuse projections have a functional consequence,
that is, if individual relay cells in β3 nulls have a higher degree of retinal convergence. Moreover,
we wanted to assess whether coarse (anatomical segregation) as well as fine scale (pruning of
individual retinal inputs) refinement is affected in β3 nulls. To accomplish this, we examined the
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synaptic responses of WT and β3 nulls at different stimulus intensities. Such protocols are used
to obtain estimates of retinal convergence on individual relay cells (Jaubert-Miazza et al., 2005;
Hooks and Chen, 2006). Figure 2.6 shows the EPSP or EPSC amplitude by stimulus intensity
plots of four WT and four β3 null cells. Accompanying each plot are the corresponding synaptic
responses (inset). In WTs at young ages (P7, top left), the stimulus intensity plots are graded,
indicating a high degree of retinal convergence (Jaubert-Miazza et al., 2005). With age, inputs
are pruned and by P16 or so, this graded profile changes and becomes more step-like. However,
in the β3 null mouse, the profiles remain graded, indicating a high degree of retinal convergence
even at late postnatal ages. These relations are summarized in Figure 2.7, which plots estimates
of retinal convergence for all cells recorded in WTs and β3 nulls. In WTs, there is an age related
decrease in retinal convergence such that at early ages (P7) cells have 6-10 inputs and later (P18
and above) only 1-3. By contrast, in β3 nulls cells have more inputs at early ages and undergo far
less pruning such that even at P31 as many as 10 can be seen (single exponential fits: TwoSample Kolmogorov-Smirnov Test p<0.001). These relationships are summarized more
quantitatively in Figure 2.7B. On average, when cells are grouped by postnatal day, β3 nulls have
more inputs at P7-9 (β3 null [WT]: 14±0.3 [8±0.6]), P10-12 (7±0.4 [5±0.4]) and P16+ (4±0.4
[2±0.2]) (one-way ANOVA p<0.01).
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Figure 2.1
Synaptic responses of developing dLGN cells: WTs and β3 nulls.
A. Synaptic responses of dLGN cells evoked by a single electrical pulse delivered to the optic
tract (OT) in WTs (left) and β3 nulls (right). (Top) At P18, near threshold stimulation activates an
EPSP followed by IPSP activity in WTs and β3 nulls. (Bottom) At P11, maximal levels of
stimulation triggers plateau activity in WTs, but not in β3 nulls. B. Synaptic responses using
repetitive stimulation (5 pulses of 20, 50 and 100Hz). In WTs, plateau activity is readily evoked
at P14 (left). By contrast in β3 nulls, plateau activity is rarely seen even at young ages such as
P10, and only with high repetitive stimulation (100Hz). Responses in A-B recorded at –60mV. C.
Summary plot showing the incidence of plateau potentials encountered before P14 in WTs
(black) and β3 nulls (red). This incidence of plateau potentials is greatly reduced in β3 nulls.
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Figure 2.2
Amplitude and kinetics of plateau potentials in WTs and β3 nulls.
A. Representative plateau potentials stimulated with 5 pulses at 100Hz at –60mV in WTs (top)
and β3 nulls (bottom). Although stimulation is able to evoke plateau activity in β3 nulls, they
have different kinetics than plateaus recorded in WT do. Inset, schematic depicting the following
measurements: amplitude (1), rise (2), decay (3), duration to 10% (4) and duration to decay onset
(5). B. Mean and S.E.M. of the amplitude (mV) of plateaus in WTs and β3 nulls, measured at the
peak amplitude of the plateau potential (i.e. at the troughs of the inactivating Na+ spikes).
Plateaus in β3 nulls are smaller in amplitude compared to WTs. C. Plots of the rise (left) and
decay (right) of plateau activity in WTs (top) and β3 nulls (bottom). Rise plots depict the first
50ms of response, decay the first 50ms after the last inactivating Na+ spike. Thin grey lines show
raw traces, thick black and red lines depict averaged response. Plateaus in the β3 nulls rise and
decay more slowly compared to WTs. D. Mean and S.E.M. of the rise slope (mV/ms, left) and the
decay τ (ms, right, fit to a single exponential) in WT (black) and β3 nulls (red). Plateaus in the β3
nulls have a slower rise and decay. β3 null and (WT) cells: 9 (15).
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Figure 2.3
AMPA and NMDA responses in developing dLGN cells in WTs and β3 nulls.
A-B. Representative maximal current traces at –70 (inward) and +40mV (outward) at P10 and
P15 in WT (black) and β3 nulls (red; A). Mean and S.E.M. AMPAR/NMDAR current ratio in mice
from P9-11 and P15-17 in WT and β3 nulls (B). In both WTs and β3 nulls AMPAR/NMDAR
current ratios increase with age. C-D. Representative NMDAR current traces in P10 and P16
WTs and β3 nulls (C). Mean and S.E.M. decay τ values (ms, determined with a single exponential
fit), showing NMDAR currents decay faster at older ages in both WTs and β3 nulls (D). Traces
in A and C are recorded in the presence of bicuculline, CGP and nimodipine and normalized to
peak NMDA current. β3 null and (WT) cells: P9-11 ratio: 26 (21); τ: 37 (29); P15-17 ratio: 22
(19); τ: 35 (29).
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Figure 2.4
Retinal waves in β3 nulls.
A. Rasters depicting spike trains for 30 simultaneously recorded RGCs from β3 null retinas at P7
and P12. Below, a histogram of the population firing rate of all cells, binned per second. At both
ages, the patterning of waves is indistinguishable from WT (cf. Demas et al, 2003; 2006). B.
Representative response histograms demonstrating underlying pharmacology of retinal waves. At
P7, waves continue in the presence of the glutamertic antagonists DNQX and D-APV, but are
blocked by the cholinergic antagonist DHβE. At P12, waves continue in the presence of DHβE
but are blocked by DNQX and D-APV, revealing their glutamertic drive. C. Plots showing
correlation indices (logarithmic scale) between pairs of cells (2,300 from 3 mice at P7; 1,600
from 3 mice at P12), with each dot representing one pair, as a function of the estimated distance
separating the pair. The linear best-fit line indicates that the further a pair of cells are from each
other, the less likely they are to fire together.
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Figure 2.5
Eye-specific patterning in WTs and β3 nulls.
A. Representative coronal sections from the dLGN of WTs and β3 nulls at P11, P17 and P28.
Shown are the retinal terminal fields for contralateral (red) and ipsilateral (green) eyes. Binarized
representations of each dLGN (central columns) more clearly demonstrate the innervation
patterns of each eye, as well as the regions where they overlap (yellow). At P11, WTs display
eye-specific segregation with little overlap; however terminal fields in β3 nulls continue to be
diffuse and overlapping as late as P28. B. Ipsilateral projections from three consecutive sections
in a P21 and a P28 β3 null, from rostral to caudal. Ipsilateral projections in β3 nulls maintain
expanded ipsilateral eye projections throughout the dLGN. Sale bar for images in A-B: 100μm.
C. Plots of the percent area of dLGN occupied by the ipsilateral eye (left) and the overlap
between the projections from the two eyes (right) in WT and β3 nulls as a function of age. Each
point represents the mean and S.E.M. for animals at that age. The value for each animal is the
summed area of 4-5 successive 70μm thick sections through the middle of dLGN. D. Mean and
S.E.M. of the spatial extent of projections across age. The spatial extent of the ipsilateral

projections (I), as well as the degree of overlap between the two eyes (O) is larger in β3 nulls
than in WTs. E. The averaged distribution of the log ratio (R-value) for pixel intensities of
contralateral and ipsilateral eye projections at P17 and P28 for WT and β3 nulls. A value of –2
indicates a pixel in which the contralateral signal was 100 times brighter than the ipsilateral
signal; a value of zero indicates a pixel in which the contralateral signal had the same intensity as
the ipsilateral signal. While WTs show a developmental decrease in equal intensity pixels, β3
nulls remain un-segregated as late as P28. F. Plot of the mean and S.E.M. of variance in WT and
β3 nulls as a function of age, where smaller a variance indicates more overlap between
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projections. G. Mean and S.E.M. of variance across age. β3 nulls have smaller variances over all
ages than WTs do, indicating less eye-specific segregation. β3 null and (WT) dLGNs: P11
ipsilateral (i): 15 (4); overlap (o): 11 (4); variance (v): 5 (4); P14 i: 11 (14); o: 11 (8); v: 5 (4);
P17 i: 7 (6); o: 6 (6); v: 5 (5); P21 i: 9 (5); o: 8 (5); v: 5 (6); P28 i: 11 (6); o: 9 (6); v: 6 (6).
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Figure 2.6
Estimates of retinal convergence in WTs and β3 nulls: synaptic responses and stimulus
intensity plots.
Representative examples of retinal convergence at different postnatal ages in WT (left) and β3
null (right) dLGN cells. For each cell, synaptic responses are evoked by a single pulse delivered
to the OT. Responses to progressive increases in stimulus intensity are shown (inset), along with
corresponding amplitude by stimulus intensity plots. Each point depicts the peak amplitude of a
single response, with a minimum of five responses recorded at each stimulus intensity. The
horizontal numbered lines reflect the threshold between retinal inputs (see Methods). Estimates
are obtained in current clamp (rows 1, 2 and 4) or in voltage clamp mode (row 3). dLGN cells in
WTs show pruning of functional retinal inputs with age, while β3 null dLGN cells retain more
inputs and show less pruning than age-matched WTs. Estimates WT: P7=7, P11=5, P17=3,
P21=2; β3 null: P8=12, P12=8, P16=5, P21=7. Current clamp responses recorded at –60mV,
voltage clamp at –70 and +40mV.
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Figure 2.7
Estimates of retinal convergence in WTs and β3 nulls: summary.
A. Plot showing number of inputs by age for WTs (left) and β3 nulls (right). The size of each dot
is proportional to the number of cells that had the same number of inputs: the smallest dots
represent a single cell, the largest dot 5 cells and intermediate sized dots represent 2-4 cells. Data
is fit to a single exponentials (black and red lines). Although both groups show pruning with age,
β3 nulls have cells with more inputs than age-matched WT cells do throughout development. B.
Mean and S.E.M. of numbers of inputs by age. β3 nulls have significantly more inputs at P7-9,
P10-12 and at P16 and above. β3 null and (WT) cells: P7-9: 5 (9); P10-12: 11 (22); P13-15: 22
(18); P16+: 31 (29).
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Discussion
Our results in β3 nulls indicate that L-type Ca2+ channel activity, in the form of plateau
potentials, plays an important role in the refinement of the retinogeniculate pathway. These mice
show a greatly reduced expression of L-type Ca2+ channels and plateau activity (Dilger et al.,
submitted). Indeed, such a loss leads to a breakdown in eye-specific segregation and the pruning
of retinal connections onto dLGN cells. We also show that the lack of the β3 subunit has no
effect on the development of AMPA or NMDA receptor mediated currents, the development of
inhibitory connectivity, or on intrinsic membrane properties of dLGN cells (Dilger et al.,
submitted). Additionally, multi-electrode array recordings of whole mount retinal explants
reveal that both cholinergic stage II (P7) and glutamatergic stage III (P12) retinal waves are
indistinguishable from normal. These mutants also show an ERG b-wave (Ball et al., 2002),
suggesting that the transition from retinal waves to light responses occurs normally.
The loss of the β3 subunit leads to reduced channel expression (Birnbaumer et al., 1998;
Dolphin, 2003) and, as reported in isolated dorsal root ganglion cells, a 60% decrease in L-type
Ca2+ current (Namkung et al., 1998; Murakami et al., 2002). In dLGN, we too report a reduced
L-type channel expression (Dilger et al., submitted) and while we have yet to examine the L-type
current directly in the dLGN of these mutants, such a loss of expression leads to a greatly
reduced incidence of plateau potentials (Dilger et al., submitted; Fig 2.1). Even at early postnatal
ages, a time when the incidence of plateau potentials is at its peak in WT, they are only rarely
observed, even when high rates of OT stimulation are used. While rare, the plateau potentials
that were recorded also displayed smaller amplitudes, slower rates of rise, and increased decay
times, suggesting that the associated Ca2+ influx occurring during these events was also greatly
reduced. Perhaps these defects are expected since β subunits are known to affect many aspects
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of L-type Ca2+ channel kinetics including channel open time, rate of channel activation and
inactivation, and voltage dependency (Dolphin, 2003). Another possibility is that WT plateau
potentials have a positive feedback loop in which the initial activation of L-type Ca2+ channels
depolarizes the cell, thereby activating more L-type channels (Kammermeier & Jones, 1997). In
β3 null mice, the reduced L-type expression limits the membrane depolarization, thereby
decreasing both the rate of rise and the amplitude of plateau potentials, as well as the resulting
Ca2+ influx.
It is important to note that the lack of L-type Ca2+ plateau potentials affects both coarse
(e.g., anatomical eye-specific segregation and the initial pruning of retinal inputs) and fine scale
(e.g., continued loss of retinal inputs) phases of retinogeniculate refinement. Initially in WTs,
projections from the two eyes are diffuse and overlapping but after the first postnatal week eyespecific modules form and become well organized into non-overlapping domains (JaubertMiazza et al., 2005; Muir-Robinson et al., 2002). In the present study, we noted that at P11
ipsilateral eye domains occupied only a small portion of dLGN territory and showed little
overlap. However, in β3 nulls, eye-specific domains never seem to develop properly. Even as late
as P28, mutants had greatly expanded ipsilateral eye patches with a spatial extent that overlapped
contralateral eye projections.
In WTs, coarse scale anatomical changes occurring in dLGN are also accompanied by a
remodeling of functional connections. Estimates of retinal convergence reveal that at early
postnatal ages, dLGN cells receive binocular input from as many as 10-12 retinal ganglion cells
(Chen & Regehr, 2000; Lo et al., 2002; Jaubert-Miazza et al., 2005; Hooks & Chen, 2006).
During the first few postnatal weeks, substantial pruning occurs such that dLGN cells typically
end up receiving monocular input from 1-3 RGCs. Our estimates of retinal pruning are consistent
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with previous reports; at P7-9 dLGN cells receive on average 8 inputs and by P16 or later
average 2. In β3 nulls, pruning is greatly impaired. At the time of our earliest recordings (P7-9)
dLGN cells received on average almost twice as many inputs (14) than their WT counterparts.
This defect persisted and even by P16 or later dLGN cells received twice as many inputs on
average (4) as WTs.
Finally, it is important to note that retinogeniculate refinement was greatly impaired but
not completely absent in β3 nulls. While the reason for this is not entirely clear, perhaps the fact
that these mutants still maintain some, albeit greatly reduced, L-type Ca2+ channels and plateau
potentials (Dilger et al,, submitted) allows for a limited degree of remodeling to take place.
Another possibility is that the activity-dependent influx of Ca2+ from other sources such as
NMDA receptors (Mooney et al., 1993) could help offset the severity of defects produced by the
loss of L-type Ca2+channels and plateau activity (but see Smetters et al., 1994).
Perhaps the most remarkable aspect of these results is that the defects in retinogeniculate
refinement occurred despite the presence of normal retinal activity. Indeed, β3 nulls displayed
stage II and III waves that were indistinguishable from normal. A number of investigators have
shown that the spatial and temporal patterning of waves, as well as the inherent bursting
occurring within waves is needed for both the induction of eye-specific domains as wells as their
continued maintenance (Muir-Robinson et al., 2002; Demas et al., 2006). However, what has
been lacking is an understanding of the underlying postsynaptic mechanisms. To our knowledge,
this study is the first to isolate a potential post-synaptic substrate in the form of L-type mediated
plateau potentials. Retinal waves generate robust post-synaptic activity in developing dLGN cells
that has sufficient depolarization to activate L-type Ca2+ channels. Indeed, in an in vitro mouse
preparation where the two eyes and retinal inputs to dLGN remain intact, retinal waves recorded

83

in OT appear to evoke plateau-like depolarizations in dLGN cells (Mooney et al., 1996).
Moreover, repetitive OT stimulation in a manner that approximates retinal waves also evokes Ltype Ca2+ channel mediated plateau potentials (Lo et al., 2002; Dilger et al., submitted). In β3
nulls, while the strong pre-synaptic excitatory drive provided by waves appears to be intact, the
apparent defects in L-type Ca2+ channel expression and function lead to a failure in plateau
potential activation.
The impaired refinement noted in β3 nulls are not likely due to alterations in postsynaptic glutamatergic responses, since the ratio of AMPA to NMDA receptor currents, as well
as NMDAR decay times mature properly. Nonetheless, these alterations could be due to a
disruption of other high threshold Ca2+ channels. Although at the retinogeniculate synapse, Ltype Ca2+ channels are located post-synaptically on dLGN relay cell dendrites, other high
threshold Ca2+ channels do contribute to the pre-synaptic vesicle release of glutamate. A
reduction in these currents could lead to depolarizations that are insufficient to activate postsynaptic L-type Ca2+ channels and plateau activity. Previous work in β3 nulls has found reduced
N-type currents (Namkung et al., 1998; Murakami et al., 2002; Shiraiwa et al., 2007); however,
the P/Q type which typically dominates at pre-synapses in the central nervous system (Catterall
& Few, 2008) was not reduced and was, in fact, activated at less depolarized levels, making
activation of these currents easier (Namkung et al., 1998). Since β3 nulls have maximal NMDAR
and AMPAR currents similar to age-matched WTs, we do not think that the lack of the plateau
potential in these mice is a result of pre-synaptic deficits in vesicle release.
A role for the activity-dependent activation of L-type Ca2+ channels is consistent with a
proposed Hebbian-type model of dLGN synaptic plasticity in which co-incident bursting of
neighboring RGCs serves to strengthen participating retinogeniculate synapses, while
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uncorrelated firing weakens others (Butts et al., 2007). Additionally, Ca2+ influx through L-type
Ca2+ channels has been implicated in long-term changes in the synaptic strength of dLGN retinal
inputs (Ziburkus et al., 2009). The large Ca2+ influx during plateau activity, as well as the
association of L-type Ca2+ channels with CaM (Morad & Soldatov, 2005) makes the plateau
potential event well suited for the implementation of refinement. CaM activation can lead to the
phosphorylation of CaM kinases (CaMK), which autophosphorylate during high Ca2+ levels,
leading to sustained activation and signaling cascades to initiate the transcription of plasticity
related genes. In fact, CREB, a CaMK activated transcription factor, has been shown to have a
window of high expression and activation at the peak of retinogeniculate refinement (Pham et
al., 2001). The link between these signaling cascades and L-type activity could also help explain
the lack of retinogeniculate refinement in a mouse with mutant CREB (Pham et al., 2001). While
a direct relationship between plateau activity and the activation of CREB or other signaling
molecules is presently lacking, future experiments that make use of β3 nulls may offer a means to
explore such avenues.
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Conclusion

Our results indicate that L-type Ca2+ channel activity in the form of synaptically evoked
plateau potentials, is regulated by a number of factors at early postnatal development including
spatial and temporal summation, the degree of retinogeniculate convergence, intrinsic feedforward inhibitory responses and the expression of the L-type Ca2+ channel. Moreover, we have
identified that such activity is necessary for refinement, both in terms of eye-specific segregation
and pruning of retinal inputs onto dLGN relay cells. Figure 3.1 presents a scenario by which
early retinal activity can lead to the refinement of retinogeniculate projections and connections.
At early ages, waves propagate across the retina and drive robust post-synaptic activity in dLGN
cells (Mooney et al., 1996). At these times, the projections are diffuse and individual cells
receive binocular input from several RGCs (Fig. 3.1A-B; Jaubert-Miazza et al., 2005; Ziburkus
& Guido, 2006). Coincident wave activity in multiple neighboring RGCs which project to the
same dLGN cell leads to spatial and temporal summation and evoke long lasting depolarizations.
These depolarizations, left unchecked by feed-forward inhibition, provide the amplitude and
duration necessary to evoke L-type Ca2+ channels and plateau activity. In addition, high
expression of L-type Ca2+ channels as well as their somatodendritic positioning in close

86

proximity to retinal terminals further promotes plateau activity. Pharmacology experiments
reveal that plateau potentials are mediated exclusively by the L-type Ca2+ channel. Bath
application of the NMDAR antagonist APV or the intracellular use of the Ca2+ chelator BAPTA
had no effect on plateau activity (Fig. 1.2). Plateau potentials would allow for a huge Ca2+ influx
into the cell, a potent signal for the transcription of plasticity related genes and retinogeniculate
refinement.
At older ages, around natural eye opening, retinal waves cease and are replaced by
visually evoked activity (Fig. 3.1D). At this time, the majority of refinement is complete, and
post-synaptic events in dLGN cells are comprised of fast excitatory events (AMPA and NMDA)
and intrinsic inhibitory activity. Additionally, L-type Ca2+ channel expression is much lower,
and plateau activity is rare. It is important to note that while plateau potentials are infrequent, Ltype Ca2+ channel activity is still prevalent in the adult animal where it helps to regulate overall
cellular excitability and response mode (Kammermeir & Jones, 1997; Zhou et al., 1997; Pape et
al., 2004).
In the β3 null mouse, the low expression of L-type Ca2+ channels greatly limits the
incidence of plateau potentials, even though the retinal waves and dLGN excitatory synaptic
responses are normal. The few we observed required high levels of stimulation and were
kinetically different from WT plateaus, in a way that seems to restrict high Ca2+ influx and limit
refinement. It has been reported in the developing visual cortex that the removal or reduction of
NMDAR subunits impairs activity-dependent elimination of synapses (Cho et al., 2009). Indeed,
a similar scenario seems to occur in β3 null mice in which activity dependent remodeling is
lacking.
Thus, these studies reveal a potential substrate for retinogeniculate refinement in the form
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of L-type Ca2+ channel plateau activity. A likely instructive rule which could implement activitydependant changes is a Hebbian type-learning model of synaptic plasticity (burst-time dependent
plasticity [BTDP]), based on the relative timing between bursts of action potentials in RGCs and
their ability to evoke high amplitude activity in dLGN cells (Butts et al., 2007). In this model,
bidirectional changes in synaptic strength are the mechanism by which some synapses are
strengthened and maintained while others are weakened and eliminated. During a retinal wave,
neighboring RGCs that project onto the same dLGN cell burst synchronously (Fig. 3.1A). These
inputs are strengthened, whereas non-neighboring RGCs, while firing spontaneously, do not
participate in the same temporally correlated wave. As a result, their activity is not coincident
with the other inputs and they fail to evoke plateau potentials, leading to synapse weakening.
Indeed, we were never able to evoke plateau activity with high frequency stimulation of a single
fiber, even at early ages (data not shown). As waves grow weaker and shorter (during
glutamatergic phase III), fewer RGCs participate, leading to a more focal form of strengthening
and elimination. The BTDP model depends on the concomitant activity of pre- and post-synaptic
elements. In β3 nulls, while the pre-synaptic activity is unimpaired, the post-synaptic event (Ltype plateau potentials) is altered, and there is a lack of refinement.
What remains unknown is the mechanism by which certain synapses are tagged to be
strengthened and maintained while others are eliminated. At early postnatal ages a single dLGN
relay cell dendrite may contain inputs from both the ipsilateral and contralateral eye, but in the
adult relay cells receive only monocular input (Ziburkus & Guido, 2006). Additionally, inputs
from the same eye, which are potentially in close proximity on the dendrite, are also selectively
pruned. Furthermore, based on preliminary studies in our lab we know that there is a proximal to
distal gradient of retinal inputs, but that pruning seems to occur uniformly throughout the
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dendritic tree and does not target one specific region. However, long-term changes in synaptic
function require the nuclear transcription, synthesis and trafficking of activity-induced gene
products (Cohen & Greenberg, 2008). How the decision to maintain and strengthen or weaken
and eliminate individual inputs is located back to a single segment of the dendrite is still
unidentified.
One idea that has been proposed in recent years is the role of the immune system in
synapse elimination. This model, initially proposed in the developing neuromuscular junction,
involves the expression of two types of signals from synapses with strong activity: a short-range
protective signal to protect “self” and a longer-range, diffusible punishment signal to tag nearby
weak synapses for elimination by phagocytosis via microglia (Jennings, 1994; Schafer &
Stevens, 2010). In fact, recent work has identified some immune system molecules that could be
involved in activity-dependent synapse elimination and are necessary for proper eye-specific
segregation. One of these is major histocompatability complex class 1 (MHC1), a large family of
immune genes (Fig. 3.1C). Signaling through MHC1 is inhibited by depolarization (Boulanger et
al., 2001), and since MHC1 is thought to be located in the post-synapse (Datwani et al., 2010),
those that are less-active may be targeted for removal via MHC1 activation (Boulanger et al.,
2001). Other immune molecules (components of the complement cascade and neuronal
pentraxins) have also been implicated in fine-scale synaptic pruning of retinal inputs (Stevens et
al., 2007) and glutamate receptor insertion at retinogeniculate synapses (Koch & Ullian, 2010),
although it is unclear exactly how they are activated and what signaling pathways they affect
(Schafer & Stevens, 2010), they do have interesting implications. For instance, the lack of high
amplitude post-synaptic depolarizations in β3 nulls could lead to a reduction in synapse
elimination via some of these mechanisms.
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Another possibility is interactions with the cytoskeleton architecture. Spines, the small
protrusions from dendritic shafts that are the primary postsynaptic location of excitatory
synapses in the CNS and constitute calcium microdomains (Blackstone & Sheng, 2002), are
highly motile due to their microfilament scaffolding of polymerized actin molecules. Cellular
signaling can dictate spine morphology in an activity dependent manner by tightly regulating the
assembly and disassembly of these long, thin fibers (Oertner & Matus, 2004). The actin
cytoskeleton also helps to traffic and anchor proteins such as post-synaptic receptors, so changes
in actin polymerization have the added potential of directly influencing synaptic function and
strength (Bloodgood & Sabatini, 2007). Cofilin is an actin binding protein that depolymerizes
and reorganizes actin filaments (Huang et al., 2006). Ca2+ influx can activate calcineurin (CaN),
a Ca2+/CaM-dependent phosphatase important in visual plasticity (Yang et al., 2005), which,
through a cascade of events, causes the dephosphorylation of cofilin (Fig. 3.1C; Huang et al.,
2006). This activates cofilin to bind and sever actin filaments. Numerous studies have implicated
cofilin in neuronal activity dependent plasticity, including the remodeling of dendritic spines and
the elimination of synaptic connections (Zhou et al., 2004).
However, mouse dLGN relay cells do not appear to have spines (Rafols & Valverde,
1973; Bickford et al., 2010). Instead, they are studded with small ‘dendritic protrusions’ that are
morphologically distinct from dendritic spines. While specific inquires into the function of these
protrusions in relation to activity dependent, input specific plasticity and signaling have not been
directly addressed, other studies have found both synapse specific plasticity and Ca2+
microdomains in aspiny cells (Goldberg et al., 2003; Lamsa et al., 2005; Soler-Llavina &
Sabatini, 2006). Furthermore, there is evidence of small Ca2+ microdomains at the mouth of
channels either via direct interaction of proteins with channels or through localization of the
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channels and effector proteins within the actin cytoskeleton, which could help signal and direct
specificity (Cavazzini et al., 2005).
Additionally unknown are the underlying intracellular signaling cascades are responsible
for implementing changes in synaptic strength. One candidate for an intracellular effector that
can be initiated by fluctuations in Ca2+ levels is calmodulin. The carboxyl terminus of the L-type
Ca2+ channel has been shown to directly interact with this Ca2+ modulated protein (Morad &
Soldatv, 2005), which can then regulate various protein targets. One of the major targets of CaM
is the Ca2+/CaM-dependent kinase CaMKII, a temporally sensitive signaling molecule. With low
frequency Ca2+ influxes, CaMKII is deactivated completely between pulses, whereas with high
frequency stimulation, the continued presence of Ca2+ and activated CaM permits CaMKII
autophosphorylation, allowing for maintained maximal activation even after Ca2+ levels return to
baseline (Cavazzni et al., 2005). This scenario might be especially possible given our model of
high-amplitude, long-lasting and slow decaying depolarization plateau potentials.
What is the link between CaM and CaMKII and transcription? The transcription factor
CREB often serves as the prototype for Ca2+-dependent regulation of transcription, and has been
implicated in eye-specific refinement (Pham et al., 2001). When phosphorylated CREB enters
the nucleus where it can initiate the transcription of genes with CREB binding sites (CREs)
within its promoter region (Lonze & Ginty, 2002). Additionally, Ca2+ influx specifically through
L-type Ca2+ channels has been shown to support CREB-dependent transcription (Moosmang et
al, 2005b). However, when we looked at CREB and phosphorylated CREB levels in WT and β3
null mice using a variety of methods (western blot with chemiluminescence and Odyssey
Imaging System, ELISA), the results were variable and ambiguous (data not shown). There are a
number of factors that could contribute to this. CREB is such a ubiquitous transcription factor
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used by the cell to regulate many divergent outcomes and a number of different signaling
pathways lead to its phosphorylation, indicating that there are many mechanisms involved in the
regulation of CREB activity (Cohen & Greenberg, 2008). Therefore, moment-to-moment
fluctuations in Ca2+ levels due to a variety of commonplace cellular activities may cloud results.
In addition to CREB, a number of other transcription factors have been shown to be
dependent on Ca2+ fluxes through the L-type Ca2+ channel and CaM. One of those is the
myocyte enhancer factor 2 (MEF2; Dolmetsch et al., 2001). Like CREB, MEF2 can be
regulated by neuronal activity and Ca2+ levels, can mediate experience-dependent development
and likely depends coordinate cellular regulation (Cohen & Greenberg, 2008). However, there is
a range of other possibilities as well (NFAT [nuclear factor of activated T-cells, a transcription
factor initially discovered in the immune system but known to control CNS processes as well];
MeCP2 [methyl cytosine-guanine binding protein, which plays a role in condensing and
silencing specific DNA transcription sites]; CREST [Ca2+ responsive transcriptional co-activator,
involved in dendritic growth and morphology], etc), and how these are controlled and
coordinated with CREB is largely unknown.
However, this raises the issue of Ca2+ signaling specificity: how can one signal have two
opposite effects? The simplest model is based on the greater affinity of Ca2+ for phosphatases
than kinases: low levels of Ca2+ trigger phosphatases and the initiation of dephosphorylation and
weakening events, whereas higher levels activate kinases and lead to the phosphorylation of
another set of effector proteins, leading to synapse strengthening (Fig. 3.1C; Cavazzini et al.,
2005). In fact, it has been shown that high amplitude Ca2+ influxes lead to potentiation, while
smaller signals lead to depression (Ismailov et al., 2004). The Ca2+ levels necessary to activate
CaMKII might only be reached within Ca2+ microdomains in a dendritic spine or near the mouth
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of the channel, increasing the likelihood for synapse specificity (Cavazzini et al., 2005).
Additionally, phosphatases triggered in response to protocols leading to depression also
dephosphorylate CaMKII, preventing the two conflicting signals from cascading at once
(Cavazzini et al., 2005).
While our studies have isolated an event that can implement high levels of Ca2+ influx,
the challenges that lie ahead are to link this Ca2+ to pathways that are able to signal and traffic
gene products back to specific sites and synapses to implement long-term changes in synaptic
plasticity and eventually lead to the activity-dependent retinogeniculate refinement.
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Figure 3.1
Potential mechanisms underlying activity-dependent refinement in dLGN.
A. Spike trains and retinal location of six RGCs that project onto a single relay cell in dLGN (B).
During coarse scale refinement, waves in neighboring RGCs fire synchronously, while activity
of more disparate cells or cells from the other eye fire at different times (asynchronously). A
wave leads to co-incident activity in the four red RCGs, and evokes a plateau potential in the
relay cell. Activity from the RCG in the ipsilateral eye (green) and the non-neighboring, same
eye RGC (purple) does not sufficiently depolarize the cell to activate L-type Ca2+ channel
activity. C. Proposed mechanisms for the underlying signaling cascades and site specific changes
in post-synaptic strength. Strong depolarization at red post-synaptic sites inhibits MHC1
signaling, thereby precenting microglial attack. Purple and green synapses, however, remain
vulnerable. High Ca2+ influx (red synapses) activates kinases leading to the transcription and
trafficking of plasticity related proteins that could potentially lead to a strucutal change at
targeted post-synaptic sites (e.g. AMPR insertion). Low Ca2+ levels (purple and green synapses)
activate phosphatases, which can lead to the activation of cofilin to depolymerize actin filaments
(blue dots). D. During fine scale refinement, waves are smaller and have fewer participating
RGCs, leading to additional pruning and strengthening of remaining synapses. Eventually, adultlike patterns of connectivity are established. These are comprised of 1-3 monocular inputs and
give rise to large EPSPs.
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